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PREFACE

The primary purpose of this training course is to OveTop the capability of
practitioners in the Home Building industry to Design Solar Heating and
Cooling Systems for Residential Buildings. The go .l is to.hale this course
implemented nationwide to train practitioners in th requisite skills to
integrate solar energy systems ipto residential bui)di s-.

Recent estimates indicate that a substantial amount of dome ic, space and
water heating in the United States will be accomplished by so energy
in the near future. However, significant implementation can onl be, achieved
if substantial capabi-lities are created among the professions and t des,
in, the building industry to install solar systems.

This training course, and a companion course titled Sizing, Installation
and Operation of Systems for Solar Heating and Cooling of Residential
Buildings, are courses to train ho designers and buildersin the fundamentals
of solar hydronic and air systems space heating and cooling and domestic
hot water fleating for residential h ildings. The modulaloized structure
of the training courses provides con jderable latitude An organization
and presentation, especially with regard to the time periqd over which the
course could be presented. At(Coloeado State University, the.course is
presented in five continuous days, but a longer period of time utilizing ,only
evening hours could be used just as effectively.. The structure also
provides for verification that participants have achieved 'anticipated
levels of understanding. At CSC' validation is in the form of daily
evaluations by the participants especially with regard to maerjal content
andlethods of presentation,} The instructors interact and-respond to the
evaluations and alter their methods of presentation to meet the Deeds of
particulSr groups of'trainees.

COURSE DEVELOPMENT
A I

This training course was developed,by the staff:of the olar Energy Applic'
tions Laboratory and vocational education speciaIsts at Colorado State
University in cooperation with the NAHB Research Foundation, Inc., pockvill ,

Maryland. A national . advisory committee was established to provide / advice
and general guidance to the project staff regarding direction and Sontent
Of the.traiqing courses.- The committee members were from various, sectors
of the home-building industry, and also teachers, architects, engineers an.
rei5reseptati'ves fromogovernmental agencies. I

lioraetermioing curriculum content, a.rigbrous procedure was followed to
develop ourse standards and-needs by interacting with architects, enginee s,
building contractors and iffstalle'rs of heating,-,ventilating
conditioning systems in residential buildings. From the standards and
needs, .objectives for the- courselere .developed and the curriCular materials
were then prepared..

,
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This manual for the training course w9s prepared, with the cooperative efforts

of many people under the organizaMonal efforts of C*. BytOn Winn. The ol-ooram

for, development of both the. Desigb and the Installation:courses was directed

by Susumu Karaki with George 0..G. L5fas senior advisot. Ai the following
short biographical sketched indicate, the,authors of this manual have,'
individually and collectively, Considerable .experiencejiiltHe ddsign, instal-
lationoperation andpaintenacce of solar systems for space heating and
cooling and d6mestic hot water heating.

. .

C. Byron Winn Dr. C. Byron Winn is Professor of Mechi-61 Engineering
at.Colorado State University and has beep actively involv0 in solar heating
and cooling systems since-1973, He has published widely and has Oesigned
and installed both air-heating and liquid-heating solar systeos in even

residences in various locations inColorado.

Byron Winn organized and-directed the development of the course and prepared

a major pOrtion of this manual. In addition to his experience as a designer
and installer of systems.* has conducted research and taught courses in
solar energy applications;

Susumu Karaki -- Dr., Karaki has been a member of the faculty at Colorado

State University for the past 19 years_ He is AssociAe Director of the Solar
Energy Applications Laboratory and Professorof Civil Engineering. Being

iinvolved in solar energy research since 1973, he has directed a number of
research projects in solar energy utilization. Susumu Karaki has 'terve&

on several committees of the International Solar Energy Society, and has

been'a member of U. S. teams for international.information exchange on .

solar energy utilization.

George 0. G. tOf Dr,A,Of has specialized,in s'olar energy utilization for
over thirty years and pioneered in the development of solar heating and

cooling systems. As Director of the Solar Energ!, Applications Laboratory he
is responsible for the considerable progress Made in development of solar

'systems at Colorado State University and elsewhere. His actoMplishments,
have earned him worldwide' recognition and among his many awards is the

Lyndon Baines Johnson award,for go'tstanding service tp society: .

Gearold R..Johnsbn D Johnson is Associate ProfesSor of Mechanical

Engineering, at Colorado' tate University. In addition to his interests

in solar energy applications-,rfte has been actively engaged in energy -

conservation studies and the application of microprocessor,s for management

of: energy utilization in-structUres.
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Dan S. Ward -- Dr. Ward joined the staff of the Solar Ene'rgy Applications
_ Laboratory at Colorado State University in 1973 and presently, serves- as

e Assistant Directoe,of the Laboratoryas well as Assistant Professor of
,

Civil Engineering `and Phytics. 1
.

.

Dan Ward has considerable experience-with solaF heating and cooling systems
including,'supervision of design, construction and installation of the solar
systems in three Solar Houses at Colorado State University.- He is serving,
as chairman of the ASTM subcommittee on development of, testing standards for
solar, energy systems.

,

William S! Duff -- Dr. Duff is Associate Professor of Mechanical-Engineering
at Colorado State University. He has expertise in system optimization

..and applies his interests to solar heating and cooling systems as well as
to other appli&tions for solar energy.

Sanford B. 'Thayer -- Dr. Thayer is Associate Professor of Mechanical.Engineer-
ing. He has had extensive experience in engineering economics which is applied'
to solar heating systems in this manual.

4
Milton E. Larson -- For the past 25 years, Dr. Larson has been engaged in
educational work, with technical education and trade and industrial education
as the focus of activity. He is Professor of Vocational ,Education at
Colorado State University and has served as head teacher-trainer for
education in the Department of Vocational Education for the last eleven
years.

Milton Larson along with Dr. Valentine provided expert advice to the
-staff,rn developing the training course and this manual..

Ivan E. Valentine -- Dr. Valentine, along with DrAarson served the staff
who prepared this manua a vocational education speci lis He has
considerable e s Bence in'surriculum development in all` are of technical
educatio i has, additionally, practical experience a a consulting
engi r, and heating -and plumbing contractor.

.
. .,

/ an Valentine's extensive experience in vocational technical education
contributed significantly to the development of this p actical training
course and i anual. .

.
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INTRODUCTION

:The Solar Energy Applications laboratdry at Colorado Stat* University

in cooperation with the7NAHB Researc,Foundation has developed two 'practical

training courses for the design, installation and.operation of solar heating .

and cooling-systems for residential bUilliings,-fhis course is titled"'

DESIGN OF SYSTEMS and the other is SIZING, INSTALLATION AND OPERATION

SisTEMS.

.
The us of solar to provide the Comfort conditions in residential

,

I

buildings and serve the hot water needs -is a practiCal realttition for many)

,
parts of the, entry where costs of electricity and --Fossil fuels ere steadily

increasing. Although there is considerable interest in solar systems through-
.

ouf the country, the numbers of solar houses are relatively few, largely, because

there is e serious lack of qualified personnel to apply the technology. 44f

,Substantial capabilitiskare needed among the professions and trades

involved in the building industry to design and install solar, systems if

Widespread application is to take place in this country.

This training course was prepared to develop practical skills to design

solar heating and cooling systems. Over a period of one week, the course .

provides 44 hours of instruction, practice with computations and detailed
'

u7

inspections of working systems.

OBJE6TrOrS

/-
The objectives of he training course are to develop capabilities in

the trainee to:

,1. Design solar heating and cooling systems for residential

buildings, and Make performance estimates and economic analyses. .
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,

2. Advise clients on particular types of-systems best suited for

of'
...

thOrneeds.
./.
t4

.

. 3.. Plan andSupervise construction of buildings which include solar
I .

systelps.
.`4 .

.

.1 ,,,

, 1 .

4, Explain basic operating characteristics of solar heating and
. 2 Ai& % 11.

, cooling sylteMs, to otiter-S.
.3..

SCOPE
y

1
, 4 .

.
r 1

This course As limi,ted in scope .td the design of solar 'heating and

cooling system5 for residential. buildings, with primary emphasis oh heating

44

4'

=

systems. Although solar cooling systems are discussed, design and economic

analyses of Systems for only solar coolid of buildings are'not include_d,

Trincipallybecause such systems ar e not, as yet,_economically competitive .
, .

.

with standard refrigeration systems. HoWever, where
.
solar beating.systems

w can be econoMically justified, al:Wing solar-operated cooling "units '

.
.

.

-,..,

to form integrated. solar systems may be possible. Designs of such integrated.
, - e

systems.avoincludbd in this course.

.

AlthOugh the basic design principles apply to any solar heating a.

,

.

a . 0 .
0 f . . .

. . .* cooling system, the user is Advfsed that many,of the.design charts inihis.

.

, g
- ...

manual applyonly to residential'biiilding. ''When spfir systems are considered
.-

.

.... 0. ,

f . A .

for office, -commercial or industrial buildings, the application mSy Pe

. Sull'iciently,different that alternWve
.*
proeedures should be Wowed.

. .

l a .
,

%

, CO E ORGANIZATION
0

.
- a K Mi

The'Ootrir'se is organized in'modules to separate selectecitopics and.
.

. ....
.....

faPiljtate.rearning. ,Alt,hough uompact schOure?of ope weekis shown
. . .

...r!. .17r
.

figure 1 -1,, variety of formats'cin be arranged: %
^

.. . ,:-/ .
. . . %

1 2(7
, ,, . .

...

...i.
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In- general, the course progresses from simple sizing procedures for

making, preliminary estimates of collector area requirements, to a computer-

aided method and finally to automated design techniques. Such details as

system economics, energy conservation trade-offs and component selections

are also presented.

OpportUnities for review are provided each day in the schedule of

Figure 11s,and participants are encouraged' to use the time to clarify any

°difficulties encountered. At the end of,eaah day.4,the trainees are

iegyested tp evaluate the course materials and methods of presentation.

These evaluations will/assist the instructors to respond to the needs of

the *Ocular group of trainees in the course.

SYNOPSIS OF COURSE CONTENT

TOUR OF SOLAR HOUSES

S

'A pre-course tour of solar houses in the local area is provided to give

trainees arropportunity to see differelit styles of homes which have different

. solar systems. The systems'are briefly described and performance details

of systems ere given wile such information is available, The duration of.

the tour is about rs. Af --the tour there is an informal reception

and dinner where the instructors and trainees are ihtroduCed: A post - dinner

talk one the energy problem .presented.

MPULE 1 COURSE -ORIENTATION

O

4

.The'objective of the,trainingcourSe is to develop capabilities among
,..

practitioners in ,the home-buildinel-ndusfry and other interested persons to

' design solar heatino/and, systems that will provide a major portion,of

0

.41
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the annual hegting lieed'Ss of a res*ntial building. In this intrdductory

;
module,a summary of the.contents of the course is presented and a

schedule for the course is given.

A brief prevlew.is provided to highlight the course so that trainees

can appreciate the relationship of each module to the entire course:*

. .

The course progresses gradually from basic concepts and preliminary design
°

proced'ures toward more-complex aspects and detailed calceatiQnS.

MODULE 2.. GENERAL DESCRIPTIONS40E-'tOLAR HEATING AND"COOLIA SYSTEMS

Several operating solar houses are described in the module along with

descriptions of the houses,- the types of systems, and design data for the

systems. The purpose of this module is to establish a base bf reference

for the tS,pots of residential solar systems that will be described in grea ter

detail in the course. Basic arrangements of liquid-heating an d air-heating

solar systems.that are practical to install are described.

From the descriptionsof the systems the trainees can better appreciate

the relatiOnships of collector areas to floor areas and volumes of heat

storage to collector areas. Althduh,aostsare likely to vary somewhat in the

future, the ringe.of costs for solar- systems iS also given. The reade r is

cautioned that'some of the- "systems are experimental units, where extra
.

.

features have been- designed into the system to permit alternative modes

of operation. Such systems are lik0y,to be more expenkive than systems tha t

4 would be installed in normal residential buildings.

6 Schematic'diagrams are used to describe basic arrangements of.-.solar

systems and to trace the flow of heat frdm collectors to.,storage and

from storage to the building space. *Solar heated domestic,hot water systems

eare also introduced in the module.

4
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MODULE3. SOLAR RADIATION INFORMATION FOR DESIGN' PURPOSES

Understanding the intensity of'solar radiation at the-vrface of the
4 4

earth .is basic to the:design of solar systems. Regardless of the type

of collector used, there is a limit 6 the amount df heat that can be obtained
)

from'a unit area of 0'14, collector. There is considerable variation in

'the mount of-heat-that can be collected from the sun with a given collec-
t

for area,Ippending upon the tilt and orientation of,the collectors.

From an'ednomic pOint of view, both thescollector. tilt and orientation

should be set for maximum collection for the season. If the system is

desigded 'only f heating, purposes, the collector should be arranged

for low sun angle's. On the other hand, if the system is to heat and cool

the building, a flattlir tilt would be more suitable to maxlmize energy

,collection during the entire year.
:

.
,

In thfs module, the trainees are taught how to calculate the

.
.,

, solar radiatioti intensity on\a tilted collector surface. ,Complp(
..

.

equations are given,in the text,.- all talCulations can be made by

,
. /\

use of charts and tables whish involve only additions multiplications '

of numbers., . t
-

MONLE 4. SYSTEM.DESIGN GUIDEC1NES

A systendesignermay often be-faced with,the task of making a quick

estimate of the collector area
1

(and cost) required for a solar .system tn

a given building. If he is serving a client and first cost is of- primary

concern to the-owder, the-designer usually cannot'afford the time to make

'detailed calculations before a decision is made by'the clieni. On the

other hand-rit'is important to be able to make a quick estimate of

32,

3

4

7.
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vet 4.

the fraction of the animal heating load that .can be provided by a system

with a given collector area.

Approximate methods-or sizing collectors are described in the

module, which involve,the solar radiation'on a tilted collector, the

January-heating'load for the building and a pre- elected fraction of the

annual heating load which the system is to suply. From the collector

area, the heat storage volume and,the fluaflowrates are determined.

The methods apply to both air-heating and liquid-heating systeMs'which

mvhave "stardard" arrangements of components.
,

MODULE 5. HEATING AND COOLING LOAD ANALYSES

The objective of this module is to present methods for calculating

the, heating and cooling loads of a residential building. The procedures
.

.

described in the manual are essentially those in the ASHRAE Handbook

of Fundamentals, 1972.

For sizing furnaces and boilers-for non - solar residential buildings,

heating,load calculations have not needed to be precise because the costs

of heating units are minor relative-to builditng costs. If a 100,000

Btuh furnace is used where a 60,00.0 Btuh unit is needed, the added cost

and loss,e_furnace efficiency in the larger unit have,not been significant

issues bdcause fuel has been plentiful and cheap.

fir deiigning a solar system, a design heat loss rate from auiding is
.,

. . \needed to size the auxiliary unit,andononthly average building heating
... ,

loads (determined from the design heat loss rate) are needed.to determine an

economical system size. Azr-Sized or under sized solar systems are

uneconomical, and therefore, a reliable estimate of the buillhg heating

lob is'needed.

4
IP so

Ills
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MODULE 6-SIMPLIFIED DESIGN5-CALCULATIONS /
.

'
.

The.trainees\are given_a4 opportunity to design a solar system using
, A

N ; ,, .

/1'41
the guidelines presented'in Module 4. A

'

common problem is assigned to
. ,

.

the entire class,and those who complete the class problem can design a,'

system for their locality.L.

MODULE 7. DETAILED DESIGN METHODS

The simplified design methods presented in Module 4 are usually not

adequate for final design purposes because only typical systems are

represented,and design parameters that characterize specific collectors

are not included in the .method. When systems are designed with specific

collectors, and efficiency curves are available for those collectors,

_../ the designs can be improved, and better - predictions of useful solar energy

collection can be made.

The method described in this module its the prLedure developed by

Duffie, Beckman and Klein at th'e"Unimers,ity of Wisconsin and is called

the,f-chart design procedure. By specifying the'details of the system

used,to collect solar energy and by specifying the'end use, the method

can becused to:predict the performapce of systems which provide

energy for space heating and domestic,hotwater heating. Currently, only

the performance of the systems using flat-Aate collectors can be obtained ,

with f-charts.

MODULE 8. ECONOMIC CONSIDERATIONS
.-

, . t
,

this module presents methodology that. may befsed to, determine the

t

econohics of -solar heffting'systems. dne method is -to make a break -even

,

analysis to predict the price of. fuel when the annual cost (or a non-solar

't



r.

r

1-9

,systemowill equal the annual cost for a solar system. 'Although this
.

methodolOgydoes not give a true economic picture of solar systems,

it is a method used by some.in a,decisionmaking process. The

y. method of analysis is explained using natural gas as the comparatjve fuel

.r energy with solar, but the method is 'equally applicable to compare othe'r

energy forms such as fuel oil, propane-and electricity with solar energy

A more realistic economic analysis should include inflation rates,

operating and maintenance costs, propertytaxes, insurance and credit

for -taxes as well as mortgage payments and costs. A method for

'comparing the annual cash flows'for non-solar as well as solar systems

' Is presented in the module.

MODULE 9. ENERGY CONSERVATION TRADE-OFFS _

ICrecent years, home designs are including measures to reduce the
)r

quantity of heating (and cooling) needed to maintain comfort conditions.

Muth can be accomplished with architectural treatments of, the building

exterior, with regards to shape of the'building,orientatiOn, fenestra-

tion, and air hicks, but other energy-conserceing measures

such as insulation, storm windows and doorsAnd internal temperature-

.

settings can be effective in reducing the energy needs in the building.

The cost-effectivenessof several energy conserving measures are'
fir,

=

,

'discussed inn the Module usilig a basic house design and comparing the

reduction in energy requirements with several,conserving measures. The

cost for effecting energy conservation is compared with the savings in

energy consumption,:

4.

A

- !
k

P.

9
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MODULE 10. DETAILED DESIGN CALCULATIONS"

The trainees are given an opportunity to make'detailed design calcula-
8

Aions using the f-chart procedure described in Module 7. Four problems

are assigned in a progressiVe order of complexity to participants
.

with the calculation procedure. '

MODULE 11. COLLECTORS

Dekriptive and specific detail f solar collectoits are.described

in the module. There are two bastc'types of collectors, flat-plate and

catentrating: Concentrating, collectors focus beam radiation from

the sun onto-..wall absorber surfaces and develop ft-i0 temperatures in

heat transfer Fluids. Flat-plate collectors have no focusing, and the

total radiation from the sun and reflections from-other surfaces are

used to heat fluids that are in contact with, the absorber. Flat -plate

collectors are the only types described in detail in this module, and general

performance curves for a number of collectors are given.

MODULE -12. STORAGE SYSTEMS 1.
=

The purpose of thermal storage in solar heating and cooling

systems is to provide heat .for use during non-sunshine tours. In practical

systems, heat must be easily storable and readily reclaimable for use in

the building. Sensible heat in water or rocks is tie most common way to

---

store heat. Phase-change material p ermits large quantities of heat

. to be stored in a small amount of mass and is,therefore, a possible,

way to reduce the volume of storage needed, for residentfaLsolar systems.

as compared with a water tank or rock'-b ( More research is needed at this

timeto develop the use Of the volume required for'a phase:change material,.

1

before such material will become practical to,use.
.

(

36
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as well as other performance and design charac eristicsoof storage

. Details of ater stbrage,and rock bins are described in the module,

units in solar heating and cooling sistems-

MODULE 13. LABORATORY

The laboratory session is. an opportunity for trainees to Inspect

working systems carefully and to learn where to take temperature

measurements andioaCe control sensors in working systems And model

'systems

MODULE 14. COMPUTER -AIDED F-CHART-CALCULATIONS

Having made.design calculations with a hand calculator using the

f-chart method, the trainees are instructed on the use of a computer-aided

. interactive f-chart design procedure. The interactive computer program

enables a number of iterative designs to be made quickly to reach an

economical solution.

MODULE 15. SYSTEM CONTROLS

f' The basic function of controls in solar heating and cooling Systems

is to switch on pump's and blowers and operate valves and dampers in

response to-the heating or cooling needs inside the building and to the

available synshine (or lack of 5unshine) on the cpllectors. As

the occupant of the building needs to be concerned-only wit4 the thermO-
.

,

stat setting.the.entire system is controlled automatically. Ihe

co/ntrollogic and types of available controls are explained'in this module.
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MODULE 16. SELECTION OF SUBSY EM COMPONENTS

In addition to collectors'and, storage units, the selection of heat

exchangers, pumps and blowerand valves and dampers is important

o system performance. hypeeype of heat.exchangerdin a liquid system

/can materially affec the collector operating temperature and system

efficiency. Siat larly, the pump or blower capacity can affect the fluid

temperature'rise through a collector. The selection of subcomponents of

14:

a system is explained in this module.

MODULE 17. SOLAR COOLING SYSTEMS

Solar cooling units that are integrated with solar heating systems

are discussed in the module. The only commercially available solar

cooling unit (1977) is a lithium-bromide-water absorption machine, but

-other possible units are described. Evaporative cooling, althobgh

does not depend upon solar energy, can be integrated with an air-heating

system, utilizing the rock bed to store "cool". That is, the rock bed

is cooled down at night and used to cool the warm room air during the

day. This method, however, is limited for use IM arid and semi-arid regions

of the country.

MODULE, 18. AUTOMATED DESIGN TECHUJOUES'

The design techniques presented in Modules 114nd 7 are based upon

"standare'system arrangements.. When' non-standard arrangements are to

be designed, with high perfoanance collectors - f heat pumps,for example,

the previous methods Will not proVide performance predictions for such

systems,and computer simulations should be used. There are at least
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three programs available, TRNSYS, SIMSHAC,and SpLCOST,and the latter is

an automated program that can:beJused even if the user is not famili6r

with computer techniques. The utility of these programs,is discussed

in this module._ f
MODULE 19. SERVICE.HOTWATER SYSTEMS.

A solar hot water heatidg system can be usedfor domestif service.

'The two major types of solar water heaters are circulating and-hon- ,

A.
.

circulating,with several variations of each type. In its simplest form,

d'solar water heater consists of a flatIplate collector with el 'insulated

tank with water circulated through the collector by thermosyphon action.

'More complex systems involving pumps, antifreeze solutions with heat...I.

exchangers, and drain-down=systems are described.

4",t

1 k
.

, ,

,

MODULE 20. DESIGII CASE STUDY'

design of a system using the automated design proceduretit

illustrated for the class'of trainees. . = 1 ,

MODULE 21. STRUCTURAL, MECHANICAL AND SCHEDULING CONSIDERATIONS

The scheduling' of a solar installation, especially for new buildings,

can be arrangedwitb concurrent and sequential` activities to minimize

installation problems. Such items As.installation of_the,storage unit-
_

4

-before floor joists are placed, and structural consideraitobs to

i

support the weight of tanks and rock boxes,dre described. MethaniCal. - r `1

S.

considerations and arrangements of other components are also detcribed. ,

39.
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MODULE' 22. F TURE PROSPECTS FOR SOLAR° HEATING AND COOLING SYSTEMS

New desig for the components of solar systems are undergoing

research? develo ment and testing. Collectors that are math improved in

.performan'Ce,and p sibly directcoptact'heat exchalipers for liquid .

,systems that combing with storage;May become technically and ecohOmically

advantage bus, for use the' future. Prospects.forAmprovements in solar..

4
systems look bright,an when improvements..areproven,to be practical

.

they should"-be'consider d for use. a

u. 191

MODULE 28. AIWYER'S GUIDE'

, ,--=.!...-7----17 1/

To sele A MoObr Rquipment fOr solar systeMs, the buyer should _,

,

have knowledge of sta4O
\

ards equipment warranties, and performance of o.
. , , . % ,, . . , . er,..

components in a.system. He hould '40 an understanding of the
.

performance of liquid-heating and.air-heating systems and the% ,
.

lw,
Alp

.
. -

respeCtive advantages'knd disadvantages p thin rational choices can be-
_ ,,,,...

made for use in specific buildings. Considerations foi. costs of systems,
- 0 A

a o

reliability, operating costs and maintenance-requirem is can also

guide buyers.

1

4

k

.

N. 40

.4.

4.
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OBJECTIVES OF THIS MODULE

TRAINEE-ORIENTED OBJECTIVE.

From the material presented in this module, the trainee should
.

become familiar with some design data for several existing solar heating.

and cooling systems:

SUB- OBJECVES

1. To develop an. understanding of solar system costs.

2. To develop an understanding of solar system sizing

consideratiOns.
t

es-

Several existihg syttems wi b escribed in thi( module.

addition, general descriptions both ir and liquid systems will

presented S 1
..;

.1 1

REPRES TATIVE EXISTING SYSTEMS

SOLAR VILLAGE AT CSU'
C -

Figure 2-1 shot4 the olar Village onthe Foothills Campus at Colorado

A
State Universst, ity. The b lding on the left,'CSU"Solar I, completed `

in.July 1974, is the wo s first solar. heated and cooled residential

type structure. The so, r'System consists of 768 squai:efeetof ,flat-

plate collectors with -two glass covers;- -Y100- gallon water storage tank; "
a 3-tOn lithium brbmide absorption chiller, auxiliary fuel-fired'Ooffer;-

A

Snd associated pumps, valves and controls. A soNtion of .ethylene

glycol and water is used A the transport medium in the 011ectors-.: The
41g

ttoiage Medium is water. SOMe of thedesign characteri ios"are'listed ,

in Table The interestN !eAtures to note,from Table 2-I.are the
\../.

,



Filgure,
.

2-1. Environmental Ville at Colorado-.State'
\University

2
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ratio ofcollector area to total heated'and cooled floor space, 1 to 4,

the ratio of storage voluMe to collector size; 1.5kgallons for each

square foot, and the ratio of system cost to collector size:approximately.

$13 per 'square foot.

The house in the center on Figure 2-1 is CSU Solar II. The solar

system consists of 736 square feet of air-heating ipolar collectors,

pebb1540d storage, an, auxiliary fuel-fired furnace and an evaporative

cooling unit. This solar system utiltizes air as the,kansport Medium

%

in the collectors and a pebble bed heating and cooling, storage unit.

One of the principal objecfilies in constructing these two houses, was to-
,

'obtain comparisons between the performances-of two different operating

systems in nearly identio41 structures when subjected-to almost. identical

climatological conditions. Some of the design data for CSU Solar II are

\'
listed'in Table 2-2. We note that the'ratio of collector area to floor

A ' - .,
_

space is approximately 1'0 4, the ratio of storage volume to collector. .-A

area is approximately 0.5 cubic feet of.rocks per square foot of eollector,

and the ratio of system cost to collecoi'lsize is approximatelp$22

per square foot of installed collector. The cost Ake air system in

Solar House II appears to be over twice that of the liquid

system of Solar House I. However, these systems were constructed in a

different manner, anaccountings of actual costs are, therefore, differeA:
. -

The system in SolarHouse I was constructed wit4student assistance under:

faculty directton,'and the 'system in Solar House.II was installed try

a :commercial installer with supervision by the supplier of-the solar

system hardware. -As ,we shall see later, the-costs for system' installation

in Solar House II are 6re representative of actual 1976 costs.

a

: a #,
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.Table 2-1.

Floor Space

Collector Area.

,Collecto Type

2-4

Design Data for CSV Solar House I

"43000 Ft2

768 Ft
2

Flt--Plate Liquid

Transport Medium water and Ethylene/Glycol

Storage Medium Water'

. Storage Size '4100 Gallons

System Cost'
r $10,100 (estimate)'

#

sit

Table 2-2. Design Data for CSUSolar Nouse II

Floor Space

Collector Size

Collector Type

Storage Volume

Storage. Medium

.System Cost

.;

1

'0000 Ft2

, 736 Ft2

Flat-Plate Air

363-Ft
3

Pebbles ( "420 tons)

4;7,000

e
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I

The house on the right in Figure 2-1 ig-CSU Solar III. The system

consists of evacuated -tube collectors, a 1200-gallon water storage tank,

a 2-ton lithium bromide absorption chiller, an electrical auxiliary

heater and associated p valves and controls. As with CSU Solar I

and II, Solar House III is both heated apd-cooled. Some of th(design

data, for CSU Solar III are in,Table (2.-3. We note that the

ratio of collector area to floor space is approximately 1 to 4, the ratio

of storap.volume to collector area is apprOximately 2.5 gallons of

water per square foot of collector., and the ratio of system cost to

collector size is approximately $55:per square foot of installed

collectors.

OTHER SYSTEMS

ow

Figure 2-2 shows an artists rendering of the first completely

private, solar heated residential type structure that was built in the

Rocky, Mountain Region. No funds were made available from. any

governmental organization for the purpose,of designing or constructing

this solar heated house, and'it was not part of any demonstration

program. Rather, it simply involved a private citizen whd was interested

in putting a solar heating system into hiq-house. He was motivated
*

largely by the; ifficul-ties he had experienced in obtaining propane

for space heating purposes. The system consists of flat-plate air-s

-
heating'collectors, pebble bed storage and an electiic auxiliary heater,

construceion was comOleted in thefall.Of 1974: Design data for

wig;

the house are.shown in Table 2 -4. Here we s.ee that the ratijZf collector

area to floor area is 1 to 3,-the ratio of-storage volume to collector .

area is approximately .25 cubic feet of rack Oer,square fo of 94ector,

and the system cost is approximately $10 per square foot o installed

49

-
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Tdble 2-3: Design-bati for CSU Solar House III

Floor Space N30'00 ft2.

Collector Size 512 Ft
2

Collector Type Evacuat4Jube (Liquid)

Citprage Volume 1200 Gallons

Stor'age Medium Water

System Cost . $28,000 (estimate)

-t

-./..

Its

.

.
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Figure 2-2. The Wellington esidence

/

Table 2-4.. Design Data for Wellington Residence

Floore-STY4ce

Collector Size

tY Acllector Type

. Storage Volume

Storage Medium

System Cost

N3600 Ft
2

N 1200- Ft?

FJiat Plate (Air)

336 Ft
3

Pebbles tti19 tons)

. $13000

c.



,collector: This was one of the earliest commercial ns

.installed under contract.

/
Fisjurb 2-3 shows the Eco-tra%House No. 1. This Was the first

solar'spec house .built in the bnited States. The sys em
t
completed

.
in June 1975, is an air-heking solar syst4m, and a total construc-

tion, including the sola/systemlwas privately nded. Nk modified

version of this hour- Chas been built in Fort ollins as part of the

*6,

U. S. Department Housing and Urban Developmerit demonstration program..

Design-data f Eco-Era No. 1 are shown in Table. . Here we see

the ratio col ector size to floor area is proximately 1 to 5,

the' ratio of s oragevolume to collector ize is slightly'less than

.5 cubic f of rocks per squffrt foot4collector, and the system

cost was approximately $18,5 per square foot of installed. ollector.
/

igure 2-4 shows he Eco-Era No. 2 house that was completed in

tember 1976. Design data for Eco-Era No. 2 are-shown in

Table 2-6. We observe that-the ratio of collector size to floor area

is 1 to 5, the ratio of storage volume to collector size is appraximateW
*

0.5 Ft
3
per square foot of collector,, and the.systeM cost was

approximately $28 per square foot of/installed collector. The

EcoTEra Illand 2 houses are of partiAular interest since they represent

'multiple experiences .at building s-j-mttarhouses using the,same basic

/1solar system._

Figure 2-5 shows the first solar heating system on a military

installation. This was a retrofit of one of housinghousinonits at
_

the'United States Air Force Academy. It inced both a roof array

and d ground array of flat-plate water. heating coflectors. Design

data for"this solar installation are shown in Table 2-7. In this case,

52

4



2-9

....7"-,
41.Y.At

"7:7"#:

Figure 2-3. Eco-Era No. 1

Table 2-5. Design Data for Eco-Era No. 1

Floor Space

Collector Size

Collector Type

Storage Volume.

Storage Med-i.um

System Cost

560 Ft2

432 Ft?

Flat Plate (Air)

Ft3'

,401E'Pebbles (,10 tons)

1

$8,000

J
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Figure 2-4.

I

Eco -Era No. 2
4

/

Table 2-6. Design Data for Eco-Era No. .2

4

Floor Space

Collector Size

Collector Type

Storage Volume

Storage Medium
. ,

System Cost

5.4

2
1950 Ft. .

390 Ft

Flat Plate (Air)

195 Ft3

Pebbles (,t,12$ons)

-

.10
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Figure 22S. USAFA House

' .

:

44. Table 2 47. Design Data.'for USAFA Installation
Vie .

Pt
gel ,;.

Floor Sp-ace

Col 1 bctor. Size

Collector Type!

Stora e Volume

Storage Medium '.

System Cost

4

5.5

S.

e'.

41665 Ft
2

613 Ft
2,

E

. Flat ,Plate"(L'iquid)
.

2 X00 Gallons

#
r

rv05000

,

0

4

'
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,we see the raio ofcollector area 4 fiporarea is slightly greater .,
.

00 ' - - . .

. than 1 to 3, the I-a-0o of storage volume 10441illettbr size waS approx,jmastely -

4' ga1.1 offs 9:f water;per, squai-, foot of dol 1 eApr,, and the systemr,cot
,; ., - ', - , .

. was approximately $50 per squart fNto,f_installedocoll.ector.-,There
4 \ ,-, - , .

..
.

are many factorS-- that must beitakeo.into consideration for -the system
.

.,
.

k 6'

.1
4

F

d.

. . . .
cost, and this is not to be interpreted ,as a represontative figure for

. . , . ., . ..,- -, .

comeicifil InstallatiOns: Pkls'o, it should be pointed out that based
( . . ,...

4on operational- experience gained during the:last year,"the storage
.... : 4

volume was ,decreased .by a factor °of apProximgt.401 2: This system- .

r.,.... , ,
.

Atwas complOd durihg the autumn of 1975.. 1

. .. 1, 4-. ..
.

(Fivre 2-6 shows til-fe:Phoenix house in Colorado Springs:'Ccilorado.
) z,

401. c r ,

This hOuse was 'completed .ip June 1974. The system is a sol,ar-as isied....
.

heat- Purrip drranqement .- -34.e.r*rare two collector 'arrays n'the house,'"
r *

.- separatl.bya flat roof Which .ist cov red with white quartz' to in4se,
4

. 4 -'.. -,- .. -,. .the reflected radiationon the top'. y of -collectors. The trans,por*ti sf
1

fluid in the collectors is Dowtherm Jo-and t storage flui-8 is water .
. -. ... , .. -...

.... . , 4 .
in an uncergrounde.tanicar An airlto-air beet pump.w.aS used, dur,ing- the, -,- . .

,
fit-St year of test'operati. On, a-nd-'was changed Ito' a water-to-air heat, -,.. , .

k I t 0

pump..iir1975. olar'heate0 water' in the large undergrisund tgnk fis**.°

used as the primary)kergy for tie htztat pump.
(5.4

pi
Oe

The design data-for-0e Phoenix hatise arse shown in Table 2-8," We
. ?

observe that the ratio of-collector a e to -floor area-,is approximate-1'y .

l'to 3. .The storage tank capacity is 8000 gallons, but the tanllias

been filled to approximately 2500° gallons sincethe initial invgstiga_tiOns ,-

/:---- .'. ' . .
Were Conducted. The ratio of storage volume to 'collector area is

_, , .., . ..:. .
, .

, approximately 3 gallons pey square foot. The sys.tenf cost was. about. . . - ..,1 .$ Po 0 --,.
' ..3 I

-I$14 per square' foot -of installed co-1 lector. . -

lo . 4 e:
.., 4--", r . ., -1.%,

56
04 No
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''Ff9rure 2-6. Phoenix [louse in Colorado Springs, Colorado

Jo,

Tabl'e 2 -8. Design 9ata for the Phoenix Housi--_,

2190 Ft2Ffoor Space

Col 1 ect9r, Size

Cp,11ec4ior Type

Storage Volume

, Storage Medium

System Cosi, .

.* The volume of 'water in
0 1

r A "
xis'

7000 gallons.

780 Ft
2.

f-1: Flat Plate '(Liquid)

Variable *j .

Water

$11,22'

storage had been varied between 2500'and

v
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. .

/Figure 2-41 shows' a liquid-heating solar system installation that
7 q ,,, , , 1

li N ' . . .

/

WO ?completed in Aspen, Colorado, during the /autumn of 1975. The, solar
.

,..-- . .
'system is being used

.
to proyide space heating for the pool enclosdre,

,/ .

(on-wh.ich the collectors are shoA) and heating of the swimming pool.
1 .

S .6 -
.. ° i .

The design data for this installation are shown in Table 2-9. Here '
. , _

r
fx...,....- we observe a ratio Of collector area to floor area of approximately

-
1 to°4, a ratio of stOragey fume to collector area of approximately ..

4 \ b
.

.. . ,

2:gallons per ,square 'foot, d the system cost of $25 per square foot of

instal 1 ed collectors . .

_ 11
Five 2-8 shows ,the SECO house. that was-constructed near FOrt

Coll inS,'Colorado,durin'g the summer and fall of 1976. .The,system..uses
\%., it '

al uminuM water-heating col 1 ectRrs , a ,sitorage tank and an auxiliary ,
,,, c,

heating unit. The design data for this house are shown in Table 2-'10.7
, . .

, ..
We observe that the ratio of collector size to floor space Is., . '& - .

approximately 1,to 5, iheratio of storage volume to collector area .is

abodt
,

a r.65 gallons,' per sgueare foot,and the'systerh cost was 'nearly

$19 per squire _foot of installedi,collector.'

r
A9 PERATION .OF AIR SYSTEMS'

. . ,

Figure ?-9 shows a schematic nepresentatioh 6'e-the systeiti ih,CSU
,

-

Solar II. Tiffs' is a represe,nratiye,. installation for: a i r systems . The s
-k

system o'peration ',descri.bed below, when soar-heated air, is sup flied
., ... -.

. ,.....
.directly to the rooMs in the building...,11' -;..... 4 '?,

- ,4'

.
YS

We will trace the flowof air throligh the ysterri starting from the
: 4 N, -. -4.-,:z

roomair return izlicargtby the arrow: The`alr,Will friiw through- the''.'", ,

4

,%

duct and be prevented from being exhausted by motorize'd damper MD4'..

06.
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4

^

,

Figure 2-7 Aspen System

.4

1

19 A
Tabl e' 2-9. Design Data for Aspen Installation

i ..
,

i

or) ector Si ze. ,

_..

420 Ft
2

1840,, RI . /
1

.

loor ,..pa'ae

.,

4 .
Collector Type 0 Aluminum Reynolds)

. ''
`Storage

P

'Volume- ..: 1,,S 00 0,31 oni

,
,.: .-.

Storage Medium -
t

Water
.

"-'...-

System COst 0 $1050,b.

L
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'Figure 2-8: SECO. House Near 4-Fort C.o.' 1 ins , Colorado

2-16

1

''.1.":4;42".`'

T.

to.

A al :
Z

1

Table 2-10., Design 'Data for the SECO Houte 4;

Floor Space

Collector Size

Coll ecto'r Type

Storage Volume
tit

,

Storage Medium

System Cost

a

I

6 0 ,

I

.1

oe

;A

I .

f
F t2 ) 7

*640 F30

''1056 Gal Tons
, .

later

1412,00Q

.1"

S.

4

C/
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0

e

O

tat

sm.* boar APPIX.4110143 LASORATORY
ccalteo slot

SOLAR HOUSE ti
AIR-HEATING SOLAR SYSTEM

AND
NOCTURNAL COOLING

I \
Figure 2-9. iSchernatts Representation ofCSU So4ar,Ir System

.

61



eft 2-18

The flow will then proceed through the other path andA prevented from

going through storage by motorized-lampers g. and 3. Motorized daMper

5 will be open to allow the air o.flow up to ,the supply manifold
[
shown

.
or the bottom side of the collectors. The air will flow through the

. .

collectors a4 be heated in the process/1,0ft will then be returned from

the top of the collectors by flowing down through the ducting containing
T .

, . .

. ,

the air-water heat exchanger shown -in -.the figure. Motor-126d damper..
. - e

number 3 will allow the hot air to

,

flow to the'main blow
0 .

The air will

In.

come out of the main blower and, roceed toward motorized damper number
N

2, which will direct the flow toward the auxiliary heater. If the

temperature of the air is sufficiently high to provide,the required

heating, theme uxiliary heater wil) not be turned on,and the. warm air,will

be supplied to the.room as indicated by the arrows-labeled room air supply.

Inthe event the air is not heated to a-sufficiently high temperature.
. ,

in the collectoes, the auxiliary heater will, be.turned on to boost the
, .

.

.,-

. ' temperature of,the air being supplied to the rooni.

In the storage mode, mot° 2ed-damper 2 will divert theflow:\of.air
.

from the main blower .toward the t of the itorage,bed as, indicated

in Figure 2.:9; The hot air will ,enter the'tOpof%the storage bed,

will give) its heat to the pebbles, and -will beexbausted.from the

bottom of the storage bed as indicated-. In-thts tase, the back

draft damper (BDD) and motorized damper-4 will be closed and motorized

damper 5 will be open. ,Hence, the air will,flow back up to he

supply manifold on the collectors, be heated by the collectors And '

flow into storage to, complete the. cycle.'

In'order.to heat the enclosure from'storage, the-room air will

'enter the system at the point ;labeled room air return and will flow toward

the `storage beds Motorized-dampers.4.and 5 will be closed, thereby

forcing the cool air into-the bottOof the storage bed. Ityill..flow up

62.
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'through the storage bed, be heated in the process and will exit from

4 the top of the-storage bed toward motorized damper number 1. Motorized

damper 1 will direct the flow toward motorized damper 3, which in turn .

- will direct the flow of air to the main blower. The air will exit the

main blower and proceed toward mettorized. damper 2, which will direct the

flow toward the,auxiliary heater. From there, the,proceSs is\the same
e

as thatAdescribed for heating directly from the collectors.
6

The service hot water is obtained from 'the air/water heat exchanger

shown in the return air duct frOthe collehors.
The water in the

preheat tank is puMped from the preheat tank, through this heat exchanger,

and .returned to the pr2eheat tank. Hot water that is taken from the booster

tank is replaced bywater from the preheat tank. During summer operation,

when it is not desirable to'have heat in the Storage bed, the service

hot water is obtained I n the foil-oiling manner. Hot air, after passing

by the air/water heat exchanger, is diverted toward the auxiliary blower

through the small duct shown between the auxiliary blower and the return

air duct. lauxiliary blower then supplies air to the salloply manifold

of the 'Collectors. It.is heated in the collectors in order 0 provide

for service,hot water.

There are obvious variations on this- system that one tould develop.

For example? it might be desirable to take warm air from theatticof

a house to circulatethrough the _collectors and prOvide for service '"

hot water. This warm air could then be exhausted to the outside and replaced

by warm air-froilirthe attic. This process -would 'serve to4rovtde Tor

Service hot water, in the summer and also some coolingof the house by .

getting hot air out of the attic.'
63



The nocturnal cooling shown in Figure 2-9 operates as folloWsl

During the summer, when cooling may be desired, the rock be¢ can be

cooled at night by bringing cool night air in at the point indicated

in'Figure 2-9. This cool night air is seduced t6 wet-bulb temperature

. % .
. .

by the. evaporative cooler and is then sent to the storage bed by passing

through Mot rized damper 3, the ;pin blower,.. and motorized damper 2. It

0 .

passes- throu i the. storage bed Aom the top to.bottom and is-exhabsted

to the outside' by passing through the motorized damper 4. In this
. .

case, the back draft dampei is closed. this 'system. operates during .

most.of theNight:then there will be cool rocks in the storage bed

from which cool air can be obtained the following day' The coot air
.

is obtained by taking warm air in through theroom air return, passing

it through the, storage bed from the bottom to top, then out of the .*

storage bed through motorized damper 3, the main Plower, motorized-damper '

2,and to the room air supply.

A simplified schematic of a typical air system using two blowers

s shown in Figure 2 -10. The system represented in this figure ould

require two blowers and two 3-way dampert. For the system as shown,' r
if blower number 1 is turned oh, the pebble-bed storage will be heated.

By.changing the positions of the dampers, the building could be hefted

directly from the collectors, using._b_lower nurOer,1 and blower numbei4

'2, .r the building could be heated from storage by using blower number

2 and having the damperg direct the flow throut_the storage in the

opposite direction.
-'

The Use of two blowers can be avoided by utilizing an arrangement

as, shown in Fitgure 2-11. This system is representative ofthe system .

installed in CS& Solar II. The ducting floy-be more extensive;but a

second blower is elimie ted..
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DHW
OAD

Td 'HOUSE

DHW
AUXILIARY

DHW AUXILIARY I
PRE-HEitT HEATER WARM AIR

DUCTS

DAMPER
TO

DIRECT FLOW

BLOWER 2

PEBBLE -BED
STORAGE

COLD AIR
RETURN

Figure 2-10. Simplified Schematic of an Air System

WATER SYSTEMS

Figure 2 -12 showsa chematic representation of the solar equipment.,

in CSU Solar I. Th s represents a typical...installation involvingot

Alter aS
1
the transport indium and storage.' The heavy lines indicate

the flow in the.,collector loop. diagram illustrates the4ituation, .

,

Whenleat-Oefng stored from tile collectors via the collector heat.
...,,,

A..

exchanger. The Water.is shown coming down from the collectors, going.'
Id(

tp the4pllector heat exchangers, oui,of the collector heat.exchangers,_
-of

.

and then through the pump labeled P4 and finally back up to thecollector.

Jr-
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.EVC =EVAPORATIVE COOLER '_

AUX =AUXILIARY HEATER
H UM =HUMIDIFIER
8 I,82 =BLOWERS

=RECIRCULATING PUMP
M D = MOTORIZED DAMPER
W /S ,= MANUAL WINTER/SUMMER

DAMPER

E V C

MD 4

2-22

HOT
WATER .

SUPPLY

82
W/

S

(
N

MD 5
MD3

MD I

te

-0 I A U

-4- MO2 A

PEBBLE,. BED
STORAGES

P

ma
w w

.zw
3m

a.

0o.
.

COLD WATER
LINE

HUM.

\
11.

I

MD 28

Figure 2-11; Schematic of an &System *,
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The remaining flow is shown coming outof the bottom of the thermal

°storage unit, going'through pump P3, then through' the collector heat

exchanger and back.to the top of the thermal storage tank. The controls

required for accomplishing. this task will be discussed later.

Figure 2-13 represents the situation where heating ts.'being.supplied

from storage or the auxiliary System; again, the heavy-lines in this

figure represeht the flow. The water is shown coming out of the top of
A

the thermal storage unit, going down and over through pump P1, then

up through valve V1 to the heating coils. The heating coils are simply

a water-to-air heat exchanger, and the Output froM the heatirig coils

is warm air to be 'supplied to the house. -lifter passing through the heating

coils, the water is directed either back to the thermal storage unit

or to the auxiliarPqt water boiler by means of valve V2. The 1F

auxiliary'hot water boiler is utilized if there is not enough heat in

storage to satisfy the demand heit load for the house. The system as

shown here will obtain heat either from the solar storage or from

auxiliary,'but not from both simultaneously. The house was constructed

so that thq latter mode could be utilized,and this will be done sometime

:06

in the_futurein order,to compare the differebt operational strategies.

figure 2-14 represents the method by which service hot water is

obtainei from the solar heating. Here, the water is shown bAning from
.

, .

the,top of the thermal Storage tahkand to theltnRUt side of the hot water .

heat exchanger, then Out ofthe-hot water heat exInger through pump, P2

_ A

, . e

.

and back toe thermal storage unit,. The otherside of the heat exchanger

is connected to. the 80- gallon hot water preheat' tank:, In this: loop, the

er-
flow is out, of the preheat,tank+,,then through Rump P6, then, to the hot,

Water heat exchanger,
.*

to the preheat tank.

then out of the-hot water heat exchangee and hack,
i

This preheat tank (s connected to a standard

67
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Figure 2 -12. Mode 1
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- Solar Collection Using Heat Exchanger
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I
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. Figure 2-11: Modes 1. and 2-Space Heating ,
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..

..1
.4,

'in
,. .

t
40=011on hot wa,ter.hekter. The cold water malted-centers the ,

07, -
',,. ,.-% .'

, - :

80-gallon preheat tank. . 4 cs

.
.

,,, Finally, Figure 2-15 shows the case of solar coolingtfrom thg

Storage .or the auxiliary boiler unit., This ,:j similW to
... . . . .

-figure thatshaied the heating situation. In thii case, h
. r-*

-. ..

valve V irects the flow to. the fithium briimide absnrpticin refrigeration
.- A-40 4

unit: The flow is then either returned.A -die thermal ,storage unit or
.41 i', f' .

directedqo the auxiliary,h. 't y, ter boiler bivalve V2, Again, the
44

, .4, -

-aux4y'hot water boiler is:utilized when there is not sufficie4 heat
.'- -

.

,
, ,

0
-/

, IP

' in tie storage tank operate the generatdr on the air condifioniconditioning
1) .

.
. t

unit. .The.otput.of this systemsis cool, dehumidified air.to.be used
Ir ' % '

to coot,the iiotise.

.4 . *
'e $

.
,41ternat ve strategies an'd systems may-be used r both heating '

. ,

and coolin c. ome o
#
f.these will' be dfscussed in other Modules.!

-

..

WI

.
I :..< S .,

II

, \ A *.t' , A

.

arriera P.

ers°

DOMESTIC HOT. WATER SYSt61S
- c ,e

. ,

, .

'''

= ->/ ::.

' -There may be many cases._ i n which I-Vis. desirable-to have a sola,r

erviCe hot water sera and mit consider space heating or space\
.te.

. . .
i.

J. *_ }

cooling. In this, section we Antroduce the coalpt of solar service ,

. ,

, r. ..

. hot water systems and present someLschematicrepreSentations Of ..

4 -, . .,
o *

-.- possiblecohfigdiations. % , ,,

.4- , :

-' *..-,
', : , .

Asti
.

-., i

The.-basic Components are ll the col array, the' storage,

.

a pump or blower, the contio116-,,and possibly a heat exchanger. ,
o' ,

A

a There are several companies mayteting'Sol% serviCe hot .4 ter systems,
.., .

' at the present time, 'One*mey purchase a'Complete:system or_ Onstead,
, .

0.

one mpy'elt to purchase .th,ecomponentO and,assemble tale system.

-No. Alto.?
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A configuration using a water collector is shown in Figure 2-16..

There is.ne heat exchanger required in-this system and there no

'corrosion inhibitor:or antifreeze solution added to the

Consequently?, this system would not `be recommended for cold climates

//
unless the collectors are to be drained when notiopprating or pulsed-

i

r

whenever the temperature of the water gets near freezing. s

Figure 2-17 shows an alternative arrangement for 4 solar service

'hot water,system. This system would, be required in a situation 1,0ere',

a non-potablesolution has been added to the colledtor transpot medivm.

The double-wall heat exchanger, effect can beachiev6d,by a s,ystem;& .

as shown in Figure 2-18. This system would use a ffberglass:glasg-lined,

or'-stainless steel storage tank for which.no corrosion -inhibitor is

requi,red. This system is obviously-*more expensive,thanthoie shown'R.

previdusly.
?', 4.

Thete systems will be.discussed in greater detail in a%later

7
.

module.
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GLOSSARY OF TERMS

,

Radiation r-eachIng,the earth's surface from tb0
solar disc.- ;

Position pf'the sun relative to the equatorial.:
- :plane at solar noon. . .

RadiatiOn reaching the earth's surface from 180
degrees'hemisphereTuding the beam radiation.

Radiation reaching the earth's surface from thp,
solar disc.

Portion oftatal radiation With is useful for
solar heating and cooling systems::

Climatic factor which influence solar collection.

Tilted with respect to the horizontal.

40.

t



^
3-iv

LIST OF SYMBOLS

I5

.

Average daily diffuse radiation for a month

if Monthly average daily. total radiation on a horizontal surface,
. 13-tui(day)(ft2) : =

,

41 '
, H

o
Extraterrestrial daily radiation on a horizontal 1.1rf#ce for

the 16th day of the month, Btu/(day0(ft2)

iT
o

'MohthIlraveraged valuof extraterrestrial radiation on a

horizontal surface, Btu /(day)(ft2)

KT
T

Radiation a'tilted'syrface,averaged ovel-
,td/(dal)(ft2)

-Fraction'of solar energy which penetrates through the earth's
atmosphere on daily average

n Number ofdays-froM January.1
4if

R - Fraction of average daily radiation on tilted surface compared
With a horizontal surface

R
D Ratio of the'average daily beaM radiation on a,tilted 'surface

to that on a horizontal surface

TN
S Collector tilt angle from hoilzontal, degrees

Temperature, °F

t P Time variable

w
s

,Sunset Wolin angle, degrees from solar noon

Position of the sun relative to the,equatorial plane at solar.
.noon, degrees

%O.

Latitude angle, degrees (north pl6s)

Reflectivity, of material Or ground surface

r

4..
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OBJECTIVE

(
The objective of this module is for the trained to be'able to

determine the radiation on,a tilted collector surface by using

the charts and figures presented in this module.

THE NATURE OF SOLAR RADIATION

The energy from the sun is derived from thermonuclear reactions

in its core. This energy makes its way to the sun's exterior layers

fr40whigh_lt is radiated into interplanetary space. The radiation

consists of particulate radiation and electromagnetic radiation., The

particulate radiation consists of electrons and protons and is,commonly

--g
referre$to as the "solar wind". The elec agnetic radiation is

what is commonly referred to as "solar radiation' it is this rSdia-
.

tion that partially penetrates the earth's atmosphere and is utilized'

in a solar heating or cooling system. Thisfsolar radiation varies

inversely with distance from the sun. Since the earth's distance from

the still varies by only about, three percent during the course of the

year,. the amount of solar radiation reaching the upper - ,limits of the

earth's atmosphere is essentially constant. This is referred to as the
.

"solar:constant" and is defined as the'solar radiation received on,a

.*-

unit area of surface per, unit time'perpendiCular to the radiation at

the earth's mean distanci from the sun. Recent measurements.of the

- -solar constant have indicated that its-value should be.1353 watts per

79
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square meter (428 Beci per square foot-per hour, 4871 y per Square

meter perper-hour, or 1.940 calories per squar.esentiMeter per.minu.te).
T.

(Ref. 1)
.

The amount of radiation on a surface perpendicular to the solar,

. ,

radiation ot'the mean distance of-the earth from the sun is essentially

constant, but the amount of solar radiation that reaches thessurface of

the earth will vary_with respect tolatitude and time of year. It is

necessary that this "solar weather" be known in order to design a solar

- system.

k

RADIATION ON'A HORIZONTAL SURFACE

-

Hottel and Whilliet: jRef. 2, 3 first developed a comprehensive

approach toa generalized, long-term description of solar weather.

Using their "utilizability" method, ,it is possibleetoseparate the

' treatment of solar radiationAt:o from the physical and- gedmetricale.-7,---

\ 1 .

characteristics of a particular' collector. It is not sufficient, for.

\\
-purposesof predicting detailed collector performance,, to use only long-

-: ,
,

term daily or monthly 4verages' of solar radiation. Hourly,fludtuations

of radiation about, these averge values must be taken into accqunt.

.

.

.
,

This is accomplished 1y using hourly-radiation data flipa particular

. location over a period of several vOrs to establish'a set of radiation,
.

. v .
.

distpihutionand4-curVes. The (1, 4"utilizability" function is_of
Iv , ,_

-central impOrtance'and accounts stafisttoolly for the effect of .1tictua-,
.

411-

. _

tions in solar weather on collector perfOmance,. ty use of the 46iliz-
,

. .

RI,

/
ability function, account istoken of the Act that only:a certain

\ .A#
eragefraction of the incident'rodiatign on a' collector can be 42'y

a 80
4 .



.3 -3

.r

"utilized", Let, converted to usable heat
1..

temperature, Tc.

given collector plate

4

-LIU AND JORDAN METHOD

The (fp-,curyes of.Hottel and Whillier-are site- specific; a set of els-

_ _

tributioti and 4- curves must & generated for each lcication using solar:

radiation over a

showed that the 1

three to five year period. Liu and Jordan (Ref. 4, 5)

ong-term'solar weather at any location can be charac7416

.

terizedsurprisingly well liy just two siteLspecific parameters:

. _
If - , monthly average'dally total radiation on a horizontal'

,. ,
- . surface .

KT = Min .
,.

. Where/H is the extraterrestrial daily radiation on a horizontal surface,
.. o .

cal

. s

ulated from the equations of solar geometryjor the 16th day of each Month, ---
,,.

4 The term,
4

R-
T'

intrOduced'by .Liu and Jordan,-cin be considered,as a

J s

"cloudiness index" which, toget her with li,.characterizes the solar

°
. .

"weather for a, particular month. 'e, A large value Qf K
T

indicates sunny

and rather,uniform cleeather.41 small
,

value indicates cloudy, more .worm

-
fluctuating weather. Inithost-CaSes, K

T
is.found to lie lii.the range

from about 0.3 up to.0.75. . .- ,
, - -,.,_. , .

_---Values for ff"and RT and'avlage ambient temperature are pilesented
,. ..,

-,
. . g.-

11 table 3-1 fora number of seleCted lotatlons. 'These are taken_from
w I

.

_Reference 41 Howevei4,

', "the' average radiation

R
T
was weedefined in this case as the'ratia betn

on, a horizontal surface and'the extraterrestrial.

radiatidn.on the sixteenth of'each month. -, .

It i.s necessary="that Ff and KT be known in oder to 'calculate

..collekor performance. Collector perfarmancemillIce disCussed in a

. 4 .

. , t,

later module. JOr now we-Must content ourselves with learning how to

'estimate the radiation that will be received id:y a Collettbr.,
. .., -

.
4 4

4

-

1-0
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KLEIN,-DUFFIE, AND BECK* METHOD

',RA/Liu and Jordin approach has been moditfied by Igeinfo.duffie,'-ani.'

.Beckman. (Ref. 61. In tht:t approach, KT is defined as the ratio'between

the monthly average daily total radiation on a hor4ontal surface and

the mean daily extraterrestrial radiation, Ho, where Ho may be 'calculated

from the equation:'

R
At 0

r,
I ( o . cos 365 /)

/360 n 1,

At 0' sC

[cos,q cos (5' sin ws w
s 360

E-
sin cp sir15] dt

where of = I monli
sc
(is the solar'constant, cp is the latttude,.d

4

3-1]

the ser declination, and w is'the sunset hour- angle: This is described
. s .

on theJolTowing sketch. :

;1,.. . . 4

A

.1 ,

/-

I'

6

,Since the spin akis of, the earth is-tilted relative to -the ecliptic

v

plane, as-hown. on the sketch, the amount of radiatiOn on a horizontal

- ,

82
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surface ogiven area well vary with respect to the timeof

is illustrated on ,the sketches below:

Energy

IPtercePiea

00000'0000000

CoiezccTotrak
Energy
Intercepted.

000o
000000040p
°N10000

.......

Tilted Col lector
Tilt A'ngle s-.fi.orizontal

Surface,

(a)' ''Radiation )(in a .Hortzootal, tollector .

r,"-,-,---
1 -A.:« « .. . . -;',4-.Dis decl ination varies with time. of- year according to the- akproxi --I.

mate iequation:: ,111t

on
S "

. Dec'. -7
(b) Radiation on a Collector Tilted:

-PerpenditularLtp the
; 'Radiation

a:, ..

.
, .41, ' I . «

' 1

= 23.45 sin [360 284 ] ((degrees)
,.)

. [3-2]:
. 0

1r . ..

, 0 4. .
01 .

;t4lere-11 is the day 'of the year '(n = 1 for January 1).. A tab e
.
of values

, .
° or o for the sixteenth of each month iS:stuAn on the follott i9 page..

, ilk.

Tfle:/thset hour angle is given by: ,. .

. . .
0 . Ikf4

P ...,.

cos w = -tan ill tan (5, . ..IN
A.. , 13-3].,..;:.. .., : ..:' ,

. - .''...

04 , .3 , The average dailyMsolatton on a hdri`zontal surface at.a' given lati,taife
, ..

fora a given gth may be calculated by ..Using'-the atitweequptions. This e'
or - i

*s' 41
'

' . :
hai-been done, for you for various latitudes and thel^esulting values for

.sf ,.- ,.. .,; -. )).r

, . *1-( for each month are tabulated as a function ,of latitude in Table*3-31,
. .. a

,. ., ,

1 7 . r :0.
, f t .1.t ,

, '.1

,

00-

PO

ri
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--
41.

Date

'Table of Declinations
IS

Day of ;Year

I
Declination, d

'(Deirees)
co

at

Jan._16

Fea 16

Mar'. "16

Apr.. 16

May 16'.
June 16

July 16

Aug. 16'

Sept. 16

Oct 16

Nov. 16

.[sec. 16'.

,; .259

47

75

106

136

167,

197

228('

,

289

326

350

-21.10
,

-12.95

. - 2.42
9.78

.1.9.03

21.35

13.45

'1.81

-19.38

-2.3.37.

1

/

e

1

If Fr is knOwn, then TT may.be" calculated from ITT .= Fr/Flo.; Values for '

ITmay, be read from the contour map's. showing -Mean daify solar radiation

by thonth on ,Figures 3-1 through 3-12.. ,

-.A

RADIATION ON A 7 LTED SURFACE -

\
%order to determine the perform

is required that the average daily, radiat

be known. Tht

,-
at-pl ate-col lectors', 'it ,
a tilted- surface;

be expressed, by Tr.( L RIF =TiTCT Ti ,, where it" 1 s defined
0

f . ..

age daily.radiation.on a tilted surfaCe to that
. - .. -`

for each month, , There are se4eral" methods for

as 'the ratio of the ante
It'41,

on horizontal sulfa

atculating R, all of which give slightly different- `results but not
.

,,strongly affect thetcalculations of long -term pe nance of flat4late
:r.

'collectors..

, ;, ...A.

r

-

a

ft

C "
.

*

Ttl

'10.
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One method, proposed, by Liu and Jordan, is to express if by:

Tf = (1 - +-=-
D 1 s I.-cos s

2 ) -FP
2

where rvi-1, s Obtaine4d from: (Ref. 6)

Also,

where

WTI = 1:3903- 4,0273 KT + 5.541 TC 3.108 IC
3

T

RD
cos (0-0`cos 6 sin us' + sin, { -s) sin .;6)

4cost cos 6 sin
s.

+0
s

sin 4) sin e

[3-4]

(3-6)

[3-6]

ws - Earccos (tan tall 61; ti.ccos (-tan (4)-s) tan d'] [3 -7]
r

4 -
, 6

In the 'above equations,
""'

s is the collector'tilt angle from the,horizontal
Itt w -

p. is ground reflectance--
0

'D. is average daily ,dif.fuse radiation for each month

R is ratio of the average dailyrbaii-radiation On theD tilted surface 'to 'that dn'a4oiliontal surface
for.eeCh mOnth.-

4 '4

Ittis'not necessary that you perform these calculations.

,FeragErs v.altres. of it for, each month are presented in Tables 3-3 through
.

3-6. .Cross4plots of R versus KT obtained front these tables are

iri Figures 3-13 through 3-46. Fi nl l y, yalues 'for the average

tion on a tilted surface, 27=7, for varlidus vatde's of 1<.1. and for
, w 1. if. .

at various tilt angleslareffshown on Tables -7 throttgh 3-22.
sto

..

4

shown

radia-

coll ectors
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44

r

we*

I'

.a-
.

To

'Examples ,illustratiAg the use of these tables and curve's ale given
-

:

3-8

EXAMPLES '

below:'

. _

Determine-the average daily extraterrestrial radiation, fOr ,
,

January horizontal surface at Columbus,' Onio.

Solution: Frdm Table 3-1 we.see that A = 486.36tu/

ft2day v = 0.356.. Therefore U '17v. = 1366 Btu/

2.

ft2-day.
5

4

Determine the average daily extraterrestrial' r:adlation

January on a horizontal surface at 40°N latitude.

Solution: From Table 3-2, A =. 1326 Btu/ft2-day.

th. the earl ter rescompares reasonably well

3. determi e KT fir Januaisy f

and the contour" map

,

Solution: .Col

Table 372 we

radiation Ho =.1326 :tu/ft2. Then from Fi§ure'3-1 we

for O

o

Colvmbus Ohio Use Table 3-2

!Sus is a 0 N.latitude. Hence, from

the av&ageidatly extraterrestrial

se atithe average daiberadtation -op.a horizontal sur-

%face for ,Jahoary at Columbus is-0= 126 LangleYs = 128.

'

cai/crC9 . If we multiply this, by 3.69 we obtain!

.5

.
. ,, . , . 2..., ..

I' 2-17 ,
'1-t .171r =-4Z2 Btufft . Therefore, 1-4. = Flit.= (472 Btu /ft )/

.
\I .,:s. ,

...-
,..

-- . i
.

On6 Btu/ft2) = 0.356: .-
;44 . . /

.

Determine the averag?4ail solar radiation surface at
\ -

tilt anglesict-f 25°, 40V, 56°, and 90° ,for January at,,Colurribus,



, .

'.

I
3-9
1

"g
Tilt = Frpm Figure 347 fdr latitude of 40 °N and0_,

It

i 2- 1k. 5°, ad for 'IC
T = 0.356, Tt = 1.395.

411

. 1 Tbe.refOre (1.395)(47):= 658 Btu /ft2. _:-
F .

'-' b-.' 'Tilt = 406: Fom Figi-e 3-26','..k = 1.55. TherefOre

, HT = (1.55)(472) = 732 Bituff..t2,..
. . T .

t. Tilt = 55°: From Figure3-35,-Tt = 1.61. Therefoi-e

$

d.

.

ITT .=" (1:61)(472) = '760 Btu/ ft2.

Tilt ?-, 90°: .F,rom Figure. 3-44, it" = 1:43. Therefore*

RT = (1.433 (472) = 675 *Ii'6:dft2.-...

5. Repeat example 4 only use Talks 3 -7 t 4ough 344. Since

MKT.= 0.356, we will have,to interpola e betweenthe tables
.. / . ....

3. ,fol
T" = 0.3 and for RT = 0.4. ' 7

.

\ Tilt = 25°: From' Table .3,-7 HT --* 536 Btu , KT =. 0.3:

F om Table 3-11, 1-1-T 763 Btt/ft2; KT - 0.4. The

t

/ .

. .

interpolation equation is:

763-5.36 0.4- 0.3
3

. .

Therefore, 4-TT =,536 +. (227)(.5.5')' =,663 Btu/ft2. This4 , t

agrees. to Avithin one percent of the preitious result.. . . ; . I
by TiltTilt r 40°: Fror:Table3-11,- HT =i534,3tu/ft,., , R. = 0.33.

from Table 03-12, FIT 1..853 Btu7ft2, KT... 0.4... Therefore

T i l- = '584 4, (269)( .56) = 735Btutft2 ' : if

:

,
o a

c. . Tilt = 55° Frorit Tab 1, HT.: 600 Btutft2;, .

0.3. .

~From Table 3 -13, HT:: 890 B'tutft2, KT- =,", 0:4. :Therefore; .

, ..,

d.

ITT = 600. +;(290)('.56) =/62,Btyft2./ ,

/ .

24 14u/ft

= 0.4. Therefore

Ti = 90°: From Table 3-10; HT =
z-

Ftr91%;:rab 1 e.4a-lifo 80Q =Btu/ f

i"*?'"- 224- 4- (276.)( .56:)-i1-.149, .8 Oft
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. . . Ta bl e ",!i -1. * . .

1.. , Radiation and Other Data for 80 Locations 'in the United States and Canada
. -

III- .. '0.1onthly' average daily total ',radiation on-4'horizontal surface, Btulcia,y-f ti, Re .. the fraCt1on of the extra terrestrial ra;
,5iation transmitted 'through tjfe atmosphere..to ambient. temperature; deg F).

I ,Jau
k

Feb liar Apt i May

Albuquerque, N. M.
Lat. 35°03''N.
El. 53141t

Annette Is.,_Alaaka
Lat. 55°02' N..
El 110 ft .

Apalachictila, Florida
Lat. 29°45' N.

35 ft

Astogia, Orepn
Lat. 46°12' N.
gl. 8 ft

Atlanta, Georgia
Lat 33'394 N.

, El. 976 ft

' Barrow, Alaska
Lat. 71'20' N.
T1. 22 ft-
Bismarck, N D.
Lit 46'47' N.
El 1660 ft

Blue Hill, Mass.
-Lat. 42.13" N'
'El 629 ft
I
Boise. Idaho
Lit 43'34' N.
El 2844 ft

Boston, Mass:
Lat. 42'22' N
El. 29 ft.

'Brownsville, Texas
Lat, 25°55' N,
El 20 ft

Caribou. Maine
Lat 46'52' N.
El 628 ft

Charleston, S C.
Lat. 32°54' Nr.
El 46 ft

N

1160 9 1453 9' 1925 4; 234,3 5i 2560.9
R, 0.704 0 691 0.719 0.722 0.713
to 37.3 43.3 50.1 59..6 69.4

t e,
:jun "I J., I Aug !b Sep 43(-1 Nov Dec

2757 51 2561.2 2387 81 2120.3. 1639'?* 1274.2 ! 1051.6
0 737 0.695 ; 0.708 0 728 0.711' 0 684 0.701
79.1 82,8 80.6 73 6 6'2.1 47.8 39.4

D. 1 236.2 428,4 883.4 1357 2 1631.7 1638.711 1632.11 1269..4' '962,-1 454.6 220.3 '1 152
to 35.8 37.5 39.7 44!4 51.0 56".2 58.6 59.8 54.8 48.2 4,1.9 1 37.4
g`4, 0.427 0.415 1 0.492 0.507 0.484 0.441 0.454 i 0.427 ; 0 449 0.347 0.3Q4 1 0.361

1

f? 1107 1378 2i, 1654 2 2040.9 2268.6' 2195 1978 6I-191.9 1703.31 1544.6k 1243.2 982.3'
r ' 0

1.

' ; R, 0.677 0 5 8 4 I.0 576 0.612 j 0.630 0 . 5 9 4 4 4 0 . 6 4 2 1 0- 5 5 8 . 0 . 5 5 9 { 0 6 0 8 0 . 5 7 4 0.543.to 57.3 59.0, 62.9 69.5 i 16.4 81.8 s 83 1 !

1

83.1 80.6 73:2 f 63.7 58.5
R 338.4 607 ,4008 5 1401:5 1838.7 1753.5 2007.7; 1721 1322 6 780.4 1 413.6 295.2R, 0'330 0:397 1 0 454 0.471 0.524 0 4661 0 551 ! 0.538 0.526 0.435 0.336 1 0 332to 41.3 44.7 1 46.9 513 55.0 59.3, i 62.6 1 63.6 62 2 55.7 1 48.5 43.9

1

848 1080 1
1

1426 9 1807 2018.1 2102 61 2002 9 1898 1 1519.2 1290.8 997.80 493 0 496 0,522 0.551 0 561 0 0 545 0 559 0 515 0 543 0 6107.2 49 6 55.9 65.0 -72.2, 86:9 82.4 1 81.6 77.4 66.5 54.8
o

1'1 . .'.143 2 713 3 . 1491.5 1883 2055.31 1602.2' 953 5 428.4 152..4 22.9
b 7 7 6 , 0 773 0 726 0 5 5 3 0',533 0 448 0 377 0115- 0 35 t -to 13 2 , -15.91 -.12.71 2.1 - 295 35.4. 1 41.6

i

40 0 31.7 18.6 2.6
1 s

fl 587 4 934.3 1328 4 1668.2' 2056,1 2'w 8 -2305 5, 1929,4 1441 3 1018.1 600.4gg. Q 594 : 0 628' 0 605 Q 565 . 0.588 0.579 0.634,. 0.606- Q 581 0 084 0 010
to ; 12.4.' 1 15 9 29.7 46.6 ,..648.6 67:9 76.1 73-.- 5 451 6 49.6 31.4

, . .

CL-8--1 055435 097458. 01441'19 0184 I 4776.4 t1)131591 0885135it-212951 , 03.192' '8414172 89-210t -0824.3433-'-/ to 28:3 28.3 36.9 i 36.9 ",58.5 67 2 2.3 i,70:,6 64'.'2 54.1 43.3 , 31.5
t . ' 1 t ,

\...is.,ii , 518.8 -..8184-9 1280.4, 18144 2189 3 Z76,7, 2500 31 2149.4: 1717%71 1128.4 678.6 4.% 8R4 .0.446 0 533 548 '0 594, 0 619 0.63! ', 0 684 ,-0.6601 0.656, 0 588- 0.494 0.442
to 29.5 36.5 ' 0 53 5 62.f 69.3 1 79 6' : 71.2 66.7 56.3 42.3 33.1

1 ' 1 i ,
f? 505.5 t 738 . 1067.1 1355 k 1769 1864 It 1860.51 1670.1 1267.5i 896.7 63.5t-8 i 442.8R, . 0410. 1 0 426 0 445 -0.438 0.499' '0.495 .0.507 1 0.480 0.47T 1 0.453 0:172 0.400--to 31 4 ,.31,4 : 30.9 49.5 , 60.4 ,b9.8. ; 74.5 1 73-.8 66.8 157 4 46.6 34.9
14 '110.5 9 1262 71 1505 9' 1714 2092 2 2288 51 2.345 ' ;12,4. -1774.9 15.36.5 1104.8 982.3."

0.650 0 617 0 566 0.570 0.468 0.488
.5 86.9 84.1 78.9 70.7 fo5 .2

1

q51.6
0 474
47.7

-8.6

464.2
0.547
18.4

Cleveland, Ohio ." ,
Lat '41°24' ,

\ El. 805 ft. ,

' Colurribirr,
',Lat. 38°58' N.

- El, l'85 ft '

Columbus, Ohio
Lat. 40°00' N.
E1833 ft

Calif. ;.
Lat. "33' N.
El. 5 ft

Lat. 31°46';:l.
El. 2S2 ft

ast'La\lsing, Michigan
Lar. 42°44' N.
El. 858 ft'

.
o 4 '

gg 0 517, 0 500 0.505 r,0 5 0 9 0584' 0 62
to :-63.3 ..66.7 70.7 :-76.2 84.4 85.1

%I' . , 1

n. 497 , 861,6 360 1 1495 9 1779.7' 1779.7 898.1 1675.6 1254 61 793 415.5 ', 398 9
g 0 504 , 0 57 .61 0 507 0.509 '0 0.527 0.506 455 0 3a 0.470

... to 1 11:5 12.t8 24.4 37.3 51.8 61.6 67-.*2 65.0 v56.2 44.7 31.3
f

16.8
1

ff 946.1 1152g1 1352 4 191,8.8 2963.4 2113.3 1649.4
gi 0 541 .1 0.521 0.491 0 584 0.514 0.567 0.454
to 53.6 N' 55.2 60.6 67.8 '14:8 .80.9 82.9

f/ 466.8 i 681.9 1207 1413.9 1928.4 2102.6 2044.4 1840,6
0.361 0 383 ,Q.49,' 0,464 0.543 0.559 0:571 '0.559

to 30.8 30 9 39.4 50.2 - 62.4 72.1 77.0 -75..g , .

1933.61 1557.2 1332.1 1073 8 '952
0.569 r 0.525 15.554 0..539 '0.586
82.3 79.1 69.8 59.8 54.0

141 e3 997 526.6 1 427.3
0.524 0.491 0t.351 0:371
68.5 57.4 44.:0 32.3

\
. f/ `651.i 941 3 1315.8 1631.3 1999.6 2129.1 2148.7 1953.1 1689.6j 1202.6. g:- 0.458 0.499 ""0.520' .0.514 0.559 0.566 0.585 0.5811 0.606 1 0.562

to '32.5 '36.5' 45.9 57.7 66.7 75.9 79.4 .4

f? 1,486.3
.1_0.356

to 32.1

746.5 1112.6
0.401 '0.447
33,7 32.7'

599,2 945 1504
R,
1t,

R4' -0.639
to 33.8

1480.8 1839.1 (2111)
0.470 0.515 (0.561)
53.5 64.4 74.2

1959 2368'.6 2619.2
0.490 ,9,591 0.617 0.662' 0.697

47.6 52.1 56.8 63.1 69.6 75.7;t,

11k.3 1565) :11,1975..6 2126 .5 2459.
.0.598 '0 606 0.618 0.04 0.655'
38.7 ;-46.f 57.7 66.7 77.2

425.8 -
R, 0.35
to 26.0

,,,
1739.1 1086 1249. 1732.8 ,,1914

0:431, 0.456 0.406 0.489
26.4 35.7 ''' 48.4 59.8

2041.3 1522.7 1189. 919.5
0.555. 0,475 0.433 .441
78 75.9- 7Q.1 '58

,2565.6 2287.8 1856.8 '1288.5
0.69 0.687 0.664 0,698-
81 79.4,, 4'6.7 ,67:8

or' ,
2400.7 2210,7 1841.7 .1.421'
0.652 0.663' 0,654 0.650
83.8 82.4 73.'7:: 61.7

,

1884.5 1627'.7 1303.3 891(.5
0. 4 0.498; 0.493 0.456

72.4 115.0 53.5

839.5'
0,510
46.1

479
0.302
44.5

795.6
0.427
57

1065.3
0.625
46 b

.

473.1
0.333

70.3 '7475 40.0
. .

590:4 ,

0.457 ,
14,4335.8 ,

0.2'
Se

0.351
X34.0,

550.5
0.421

-48.7

873.8
0.052,
36.8 - ,*
,

379.7,
0,349

,.- . .4* Liu, B.X.A..a.nd Jordan, R.C., "A Rational Prbcedtire for Pneditting*The. _- ., ...
._.4 eCtOrS," ,...`-Long-Term,Average Performance .of FlatrPlate Splar-Energy-Col
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Tabh 3-1 (corittnued)

;., .

Jan Feb Mar I Apr I May 1 Jun July Aug I Sep I Oct' i Dec
I .- Nov

1
,

. -

East Wareham, Mass. g 504.4 762.4 1132.11'1392.6, 1704 8, 1958.'3 1873.8 160:4k 1363.8. 996.7 636 2 521
I

Lat. 41°46' N. .8., 0.398 0.431 0.469 1 0.449 0.480 ; 0.520 0.511 0.489 7 0.508 ; 0.406 0:431 0 '46.1*-) 4
El. 18 ft' to 32:2 31.6 39.0 48.3 58.9 1 67 :5 74.1 72.8 tZ.9 56 46

e e
34.8

.

Edmonton, Alberta g 331.7 652.4 1165.3 1541.7 1900.4' 1914.4 1964.9 1528. 1113.3 704.4 413.6 245

El, 2219 ft
.g, 0.529 0.58.5 0.624 1.0.564 0.558 0.514 0.549 0.506 0.506 0.504 0.510 -0.492
to 0 14 26.3' . 42.9 55.4 61 3 66.6 63.2 1 54.2 44.1 .. 26.7 14.0

Lat. 53°35 '-N

El Paso, Texas g .1247.6 1612.9 2048.7 2447.2 2673 2731 2391.1 2350!5' 2077.5 1704.8 1.324 1051.6
jLat. 31°48' N. R, 0.686 0.714 Q.730, 0.741 0.743 0 733 0.652 '0.669 '. 0.693 0.695 ,0.64°7 .626 .

'El: 3916 ft . to ,471 53.1 58 7 ; 67.3 I 75.7 84.2 84.9 , 83.4. I. 78.5 69.0 , 56.0 5
I _, s

Ely, Nevada g 871..6 1255 1749 8{ 2103.3 2322 1 2649 2417 2307.71.1935 £473 1078.6 81 8
Lit. 39,°17' N. ,-,..

El. 6262 ft to 27.3 32.1 39.5' I 48.3 1'57.0 , 65 4 L74.5 72,3 ' 63.7 52.1 39.9 3
R 0 618 0 660 0.692 ' 0 564 1,6'1649 0 704 0.656 0.695 0 696 0.691. 0 658 0

I

Fairbanks, Alaska 66 ' i .283.4 860:5 ' 1481.21,1806.2 1970:(170? 9 1247 6; 699 6 323.6 104 1 20 3
Lat 64°49' lit"4 g, 0.639 0.556 0%674 0 647 0,546' 0.529 ; 0 485 b 463 , 0.419 0.415 0.47 0.458
El. 436 ft. '

, to ; -7.0 ' 0.3 13 0 32 2 ''50.5 62.4 i 63 8 , 58 3 f 47.1 29.6v -I 5.5 -6'6
Fort Worth, Texas H 936 2 1198 5 1597.8 1829.1 2105 1 2437 6 2293 3 2216 6 1880 8 1476 1147 6 913 6
Lat. 32`50'-N. -': R, 0 530 0'541 ' 0' 577 0 556 ' 0.585 0.654 6.524. 0.653 0 634 0.612 0.576 ''0 563
El 544 ft. 2 r to 48.1 52.3 59.8 ' 68.8 i 75.9 84.0_ 87 1 88.6 / 81.3 71.5. 58 8 50.8 e

Fresno. Calif R 712 9 1116 6 1652.8 2049.4 2409.2
I

'

2641.7' 2512 2. 2300 7' 1897 8 1415.5. 906.6 616 6
.,Lat 36°46 N. , g, 0 462 0 551 0 632% 0 638 0.672 .0.703 0 682 0.686 , 0 665 0.635 .0.512 0,44.

EL 331 ft. ' to 47 3 53.9 , 59 1 6 5 6 ;-73 5 i':80 7 .87 5 84.9 -; 78.6 68.7 157 -3 . 48 9

Gainesville, Fla. g 1036.9 1324 7, 1635 , 1956/1934 7 1960 9 1895.6. 1873 .8, 1615 1 1312.2; 1169.7 919 5. '
Lat. 29°39' N.. I g, 0 535' 0.55 ; 0 568 0.587 0.538 , 6 531 0.519 0.541 I 0 529 0.515' 0.537 i 0.508

-EL 165 f t --.. -- - 1-1-e 42-1-- 63.1 .67.5-1 72.85- '42.4 '13-4 -t-83-.43-- _84.-1..-_482 75.7 67.2 62 4
; -1, 1

1
I . ,

Gla'sgou,Mont. g ' 572 7 965.7 .1437:6, 1741.31,2127.3 2261.6 2414.7: 1984.5 '1531 997 574.9 428 4
Lat. 48°13' N. ' Ri '' 0 621 0 678., 0.672 I 0.597 ; 0 611 0.602 0 666 . 0.63' 0.629 0.593, 0 515 0 548
El. 2277 ft. to ; 13.3 17-.3 31.1 ! .1"..8 .,,59.3 67.3 1 76 1,.73.2 61.2 *49.2 '31.0 18 6

..1 .-

Grand Junction, Colorado ,do ii ' 848 1210 1622 9 2002 2' 2300 3 2645,4 2517 7 2157,2 1957 5 1394 8 969 7 ' 793 4
*,`Lat. 30°07' N. R, 0 597 '0 6.33 0 643- 0..6p; 0,643 "0.764' 0.69Q .0 65- 0.70,5 0 6,54 0.59 0 021

1W- El. 4849 ft-- to 26.9 35 0 44.6 55 13
I 66.t 75.7 82.5 79'.6 71.4 .58.3 542.0 31.44 °

1 . 1

.
Grand Lake. ColO, i'R '' 735 t 1135 4 1579.3-1876.7 1974 9 2369.7 2103.3 1708.5 1715.8 1212 2 775_6 a) 5
Lat. 40°15' .,. . 1 Ri. 0541 0.6;5' 0 637 10 597 I 0.553 0.63 0.572 0.516 0 626 0.583 0 494 0 542
El.83.89 ft to r8.5. 23-.1 28.5 391'1 ''48.7 '56.6, 62.a. 61.5 55.5 0.2 30.3.. 22 6'

Great Falls, Mont. ft. *524 869 4 1369.7' 1621'.'4 197,0.8 2179.4 2 3 8 3 ',1.986.35 1536:5 984.9 575 3 420..7
Lat 47°29' N. R, ± 0.552 0.596 0 631 0.551 0(565 0.580 0.656 1 0.627 '05626 L 0.574 Q.503 _0 518
El. 3664 ft to 25.4 27.6 35.6 .47.74 57.5 64.3 73.8 71.3 60.6 r 51 A 38.0 29.1- a .

Greens12oro. N. C. R 743 9 161 7 1323 2 1755 3 1988..5 2111.4 20339 1810 3 1517.3 1202.6 908.1 f 690 8
Lat. 36°05' N. -R, 0.469 0.499 0.409 0.543 ;0.554 0.563 r '0.552 0.538 I 0 527 0.531 0.501 0.479
El., 891 ft.' 4 .42.0 44.2 51.7 60.8 69,9 780 80.2 78.9 73.0' 62.7 51.5 43.2. . .5

Griffin. Getirgia g 889.6 1135,8 1450.9 1923.6 2163 1 2176 2064 :9, 1961.2 1605.9 1352.4 1073.8 781.5
Lat. 33°15LN. g, ° 0:513 0.517 0,528 0.586 0.601 i 0.583 0.562 0.578 1 0.543 0.565 1 0.545' 0.487
El. 980 ft -. to 48.9 M.0 .59.1 66.7 74.6_, 81.2 . 82.2 78.4 68 57/3 49.4 ---

,. .
. ,
.--

Hatter ,,N. C. .ft #891.9 41E4.1 ;1590.4' 2.128. 2376.4 2438 2334:3 2085.6 1758.3, 1337.6 1051.5 798.1 '.

Lat. A5°1,3' N. R, 0.516 0.5563 !0.593 11655 ; 0.061 0.652 0.634 0..51$ 0.605 0.58" 1;0.566 , 0.535-
E1.7,ft . d 0 49.9 49.5 .54.7 r61.5' 1 69.9 77.2 80.0 79.8 ,. 76.7 67.9 1.59°.1 51.3

5. ' , ' 1. 1
.

1

Indianapolis. Ind. R 526.2' 797.4 1184.1 1481.2, 1828 2042 2039.5 1832.1
Lat. 39°44' N. . ,

ts
.4; 662.4 491.1

'RI' 0.380 0.424 0.472 0.47 ' 0.511 0.543. 0.454 0.552 9.549 , 0.520 1 0.413 0.391
El. 793 ft ,,

,

-to - 32.3' 33.9 43.0. 54.1 '6e9 74.8 79:0 -77.4'. 70:6 ' 59.$ 44.2 33.4
.

Inyokern, Calif. 1? 1148.7 1554:2 '2136.94'2594.8, 292544 3108.8 2908.8 2759.4 2409.2' 1819:2; 1376,1 1094'.4 .

LA. 35°39'N. R, Q.716 0.745' 0.803 0.8 , 0,815 0.830 0.790 0.820 1 0.834 0.795 I 0.743 0.742 of
El. 2440 ft to 47.3 ,53".9 .59.1 .65.6 73.5 80.7 87.5 84:9

: 1

78.6 68.7 57.3 1 48.9. . %, P ' C

Ithaca, N. Y. g 4 434.3 755 1074.9 1322.9; 1779:3 202,5.8 2031.3 1736'.9, 1320,3918.k I 466.4 '4,870.8
Lat.. 42°27' N. R, 0.351 10.435 0.45" , 0.428 1 0.502 0.538 0.554 0,030 1 0A97 0.465 ' 0.32;4.1 1 0.337

to 27!2 2615 .36 1 48.4 1 50.6 68.9. 73:9 71.9 . 34'.2 5.16 : 41.5 1 29,66''
1

El. 950 ft

Lake Cgarlea, La'. . , .* /4 . 8994 1145.7 1487.4t 1801..81 "'s^-,ovout4 2213.3 1968.6 4,910.3, 1678.2 1505:5. 1122.1 8751

El. 12 ft
._. . 0.558 1 0.553 0.5971 0.524 '0 494Lat. 30°13' N. a R I 0.473 0.492 0.521 0,542 0.878 .

to., 55,3 ' 58.77 .63.5 70.9 77,1 83,4 8...f.8 .85.0 .
1

81.5 73:6 ''62.6 56.0
, ,

Lander, Wyo.' g. 186.3; 1146.1 1638' 1988.5 2114' 2492.2 2438.4 21i/.6' 712.9 1301.84 837.3 694.8

E1.,5370 ft '

K i 0.65- 0.672 0,691 0.647 0.697 0.662 0.665 0.649 -0.647 "0,665 i 0.589 0.643 :,Lati42P48' N..
to 20.2 26.3 34.7 45.5 56.0 65.4 74.6 . 72.5 61.4 48.a. 33.4 23.8

.
.o
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Table 3,1 (continued)'

Jan Feb Mu Apr May Jun July

Las Vegas, Nev.
Lit. 36°05' N.
El. 2162 ft

Lemont; Illinois
Lat. 41°40' N.
El. 595 ft.

£ekington, K
Lat.-38°022:
El. 979 fr

Lincoln,
Lat. 40°51' II.

El. 1189 ft

Little Rock, Ark.
Lat 34°44' N.
El. ft

R 1035-8'
Re 0.654
to 47.5

(590)
R, (0.464)
to ,28.9

R,
to

R,
to

to

Los Angeles, Calif. (WBAS)
Lat_ 3356' N. -R,
El. 99 to

Lop Angeles, Calif.. (WBO) R
bat. 34°03' N.

to

36.5

712.5
0.542
27.8

1438 11926.5

0.697 0.728
53.9 60.3

,

879 126517
0.496 0.520
30.3 39.,5

.38.8

955.7

0.528
32.1

704.4 974.2
0.424 a0.458
44.6 48.5

930.6 1284.1
0.547
56.2 58.9

47.4

1299.8

0.532
42.4

1335.8

0.496
56.0

2322.
Q.719

69.5

1481.

0.477
49.7

1834.7
0.575
57.8

158 7.8
0.507
55.8

20295 2799.2
0.732 0.746
78.3 88.2

1866 261117
0.525 0.542
59.2 7118

2171.2
0.606
67.5 -

1856.1
0.522
.65.8

1669.4
0,513
65.8

1729.5 1948
0.635 0.595
59.2 4.4

911.8 1223( 1640.9 1866.8
0.538 0.568 Q.602 0.571
57.9 59.2 . 1.8 64.3

Madison, Wis. R 064.6 812.2 1232.1 1455'.3
Lat. 43°08' N. .R1 0,49 0.478 1 0.522 0.474
EL 866-ft ------- ----II-7- 21.8 24.6 35.3

Matanuska, Alaska r R -119.2 345. -- 1327.6
Lat.61°30'N.
EL 180ft'

Medford, Oregon
Lat. 42°23' N.

U. 1329 ft

Miami, Florida.
Lat. 25°47' N.

ft

Midland, Texas
Lat. 31°56' N.
El. 2854 ft

Nishville, Tenn.
Lat .46°07' N.

El. 605 ft .,

Newport, R. I.
Lat. 41°29' N.

El. 60 ft

New York, N. Y.
Lat.' 4Q°46' N.
El. 52ft

Oak Ridge,oTenn.
Lat. 36°01', N.

El. 905 ft

Oklah a City, Oklahcima
tot. . N
El. 1 ft I

Ottawa, Ontario
Lat. 45'20' N.
E1.339 ft

76.2 .

2040.
0.542
76.0

2524
0.685
95:0

1990.81
0.542
75.6

2246.5
0.610
79.8,

2011.4
0.547
82.6

1960.1 2091.5i 2081.2
0.545 0/559 0.566
73.1 76.7 85.1

2196.7 2072.3 2413 6
0.610 '0.608 0.657
64.2. 66.7 69.6

20Q1.2 2259 2428'.4

0.573 0.605 0.66
67.6 70.7 79.5

Aug Sep-

2342, '2062
0.697 0.716
92,9 85.4

1836.9
0.559
74,3

2064.9
0.619

.78.2.

1902.6
0.577
804,

Oct Nov Dec

1469.4
0.547
67.2

-1775.6

0.631
72.8

1543.5
0.568
71.5

1938.7 1640.6
0.574 0.561
84.6 78.3

2155.3 1898.1
0.635 0.641
70.2 69.1

1602.6 1190
0.704 0.657
71.7 57.8

1015.51 (639)
0.5061 (0.433)
57.6 43.0

1315.8 --
.0.604 --

61.2 47.6

1215.

0.596
59.9

1282.

0.552
67.9

1372.7
0.574
66.1

214.9 1891.9 1362.3
0.648 0.643 0.578
,76.1 74.2 '69.6

773 4
0.568
43.2

964e1
0.668

(AY
(0.467
30.6

681.5
0.513,
38.5

643.2
0.545
31.8

913.6 701.1
0.484 0.463
54.7 ' 46.7

1082.3 901.1,

0.551 0.566
62.6 58.7

1053.1
0.548
65.4

877.8
0.566
60.2

1745 4. 2031.7 2046.5- 1740.2 J443.9 993 555.7 495.9
0 493 0 540. 0.559 0.534 0 54,9 0.510 0 396 ,0.467-
61.0 70.9 76.8 -74.4 65.6 53.7' 37.8 25-.4

1628.4 1727.6 1526.9 1169 737.3` 073.8 142 8 56.4

to .9 21.0 27.4 38.6 50.3 57.6.. 60.1 58.1 50:2 37.7 22.9 13.9

, 0.303 r-- 0.545 0.494 , 0.466 0.434 0.419 0.401 0'.390 0.372 0.364

)R 435.4 804 4 1259.8 1807.4 2216.2 2440.5 2607 4 2261.6 1672.3 1043.5 558.7 346.5R, 0.353 0.464 0.527 0.584 0.625 0 648 0.710 0.689 0.628 0.526 6 384 0.313
to. 39.4 . 90. 56.1 63.1 69.4 76.9 76.4 69.6 58.7 , 47.1 40.5

. o.,

,.- ' . .
.

1292.2 1554.6 01828.8 2020.6 2068.6 1991.5 1992.6 1890.8 1646.8 1436.5 1321 1183.4
0.'604 0.616 0.612. 0 600 0.578 1) 546 0 552 0.549 0.525 0.534' 0.559 0.588

'71.6 i 72.0 i 73.8 77.0 79.9 82.9 84.1 84.5 83.3 89.2 75.6 i 72.6,

1066.4 1345.7 '1784.8 2036 1 2301.11 2317.7 230t.8 '2193: 1921:8 1470.8 1244.3 1023.2
0.587, 0.596 0.638 0.617 0.639 0.622 0.628 0.643 0.642 0.600 -0,609 0.61149 52.8 60.0 68.8 77.2'. 83.9 85.7 85.0 7819 70.3' 56.6 49.1 -

. ,

r
589.7 907 1246.8 1662.3 1997 2149.4 20j9rr

,

1862.7 1600.7 1 823.2 614.4
0.373 0.440 0.472, 0.514 9.556 0.573 0.565 0:554 0.556 . O. 0.454 0.426
42.6 45.1 52.9 63.0 71.4 i 80.1 8412 81.9 76.6 65.4 52.3, 44.3

--._

.856.4 1231.7 ;484.8 1849 2019.2 1942.8 1687.1 1411.4 1035.4 656.1 527.7
0-477 0,520 0.536 0.529 01,513 0.524 0.612 0.44 0.460
48.2 58.6 67.0 73.2 72.3 66.7 56.2 460 34.4

to ,
1180.4 1426.2 1738.4 1994:1 1938.7 1605.9 1349.4 977.8 598.1 476,

r

0.489 0.455 . 0.53' 0.528 0.486 0.500- .0,475 0.397 0.403
43.1 52.3, 93.3 72.2 '76.9 75.3 69.54159.3 48.3 37.7

1241.7 1689.6 11942.81 2066.4 1972.3 1795.6 1559.81 1194,8
,0.471 0.524 0.541 ' 0.551 0.536 0.534, 0.542 0.527

44.2 51.7 '614 69.8 77.8 80.2 '76.-.8' 74.5 62.7

812273. 2211
0.618 0.656
85.5 85.4

R,
ea'

R,
to

R,
to

R'
R,
to

R
R,

. to

R,
to,

ft
R.
'to

R,
to

R.
to,

Phoenix, Ariz.
Lat. 33°26' N.

1112 ft .

girthind, 'Maine ,

Lat. 4339"N.
, El. 63 ft'

41

4
.4

I?.
iz,
to

565.4
0.438 0.482 0.507-
29.5 .32.0 39.6

i3.9464 1,g74
36.0 34.9

604 ' 895.9
'0.382, 0.435
41.9

'938

0.580
404

539.1
0.499'

14.6

-1126.6

.56

565.7
0.482
23.7

119.6
0.571
46.0

852.4
0.540,
15.6

1514.7
0.691
58.8

874.5
0.524
24.5

1934.3
0.576
53.2

1250.

1649.4 2005.1
0.570 0.558

63.6: 71.2

1857.21506.6
0.502 0.529
ke 67.5,

'2355

0.629
806

2084.5
0.554
67.5

1967.1 2368.2 2709.6 2781.
0.716 0.7*3 0.753 CL
644 4.20 .8041 89.2,

1329. 1528.4 1926: .2017.9
9,569 0.5001-0444- *0.5*
34.4 44.8 55..4 85.1

1619 2

0.62
77.4

1409.6

0.614
66.5

796.3 , 610
'0.438 0.422
50.4 42.5

52.2-43.1
0,588 0.608
1085:6

408.5
0.436
19.6

2045.4 1752.4 1326.6 828.9 458.7
0.560 0.548 0.521, 0.450 0.359
71.9' 69.8 61.5 48.9 35 .

50.6 2299,6 213113 1688.
9.667 0.677 0.722 0.708
94:6 81 92.5 87.4 ,7S.8

2095. 1799.2 1428. 1935
0.5720.554 0.546' 0.539
71.1. 69.7 61.9 51.

1290'*
0.6571
63.6

591.5
0.431
40.3

'1040.9
0.652
56.7

\507.7
0.491
28.0,

:
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Table 3-1 .(continued)

a.

ii
K,
10

A .

K,
10

A
K,
/0

A
K,
10

A
R,.
to, ,

11
K,
to

11
g',
10

R
K,
/0

1310
K,
to

A
K,
10

R
Rii
10

A
.R.,
10

A
K,

-to

-II
K,
1,

A
.A,
to

A.
K,
10

R
R ,
to'

11
g,
/0_

R-
K,
70

I?
R,
1,,

A
K1
to

Jan

687.8
0.601
24.7.

999.6
0 589
55.3

632.8
0 595 1

13.6
A

622 '
0.468
29.4^

1045
0 541
53,7

983.8
0 595.
54.1

488.6
0 490
16.3

602.9
0 453
35

:188.2
0.406
24 7

282.6 '
,0.296
42.1

252
0.266
389

5914
0.426'
39.5

446.1
0 478
26.5

501.8
0.a81
31.3

763.8
0.484
41..2_

'
1223.6
0.605
64.2

451.3
0.380
26.5"

1171.9
0648
-53.7

583
0.444
35.0'

632 4
0,445
38.4

488.2
0:601
3.2

.
Feb M

i
Afar Apr ; Ma) Jun

2193 7
0 583k
67.3

2492 6
0 667
74 0

2003.3
0.633

i&
5

-
71.7

814.8
0.220
85.0

2599.6
0.695
63.5

2064 2
0.549
61.6

2123 2
0 564
72.2

1687.8
0.448
70.8

-1909.9
0.508
64.4

1724
0.459
62.8

1964.6
0.522J
74.1

2226.5
0.593

'64.6

2027'6
0.539
71.8

2235.8
0.596
81.1

2146.5
0.583
83.0.
1941.7
0.518
68.4

2601.4
0.698
87.0

0.574
72.2

2980.8
0.553
76.2

1962
0.524
65.3--

, July

223.5 8
0 612
76.3

2443 5
0.665
81.0

20'7 8
0'573
74.4

--
81.3

2364 2
0.647
87.4

2540.6
0 690
65.3

2149.4
0 590
67.3

2040.9
0 555 1.0
76.9.

1662.3
0 454
76*.9

2110.7
0.581
68.4

1

1805.1
0.49$

167.2

1949_8
0'530
79.8

2479.7
0.684
73.4

1968.2,
0.536 4
75.8,

2224.3
0.604
85.9

1991.9
0'.548
84.0

'1968.6
6,539
78.8

--

2292.2
0.626
90.]

2014.0
0.557
76.9

1929.9
0.524
79.9 -

2123*.6
0:687-
71.9.,'

Aug

2019 9
0 622
75.0

02263.8
,9 668
`81.0

1828.4
0 570
71 9

-
79.0

2185 2
0 637
87.8

2293 3
0 678
65-.7

1767.9,
0.554 1

66.0

1734.7
525

75.3

1494.8
0.458
73.7

1688.'5
0.533
67.9'

1617
0.511
A.7

1715
0.517
77.7

2076
0.656,
71.7,

1690
0.512

1.73.4

2039.1
0.607
85.9

1845.4
0.537
84.4

1622.5
0.500
71:8'

2170.7
0.640
874

1989.6
0.542

.75.3
-

1712 2
0,516
77.9

1761.2r1190.4-767.5
0.567
§9.4

Sep

1628
0.028
64.7

1955`3
0.1565
78.5

1369 4
0.539
(32.5

1689.3
0 621
68.7

1844 6
0 603
82.6

1965 7
0 674
65 9

1207
0.481

1 57.9

1446.8,
'0.530 I

69.5

1124.7
0.426
64.6

1211.8
0.492
63.3
4
1129.1
0.459
61 6'

144.7
0.524
69,Z

1511
0.616
62.7

.1336.1
0.492
66.1

1724.31,1314
0.5199
77.6

1687.
0.546
82.9

1284.1
0.493
64.3

2122.
0310
84.0'

},.1472./
0.542
69,5

1448.1,
0.520
72.2

0.504
58.6

l Oct

1179:3
10.624
52.9

1509.6
0 639
71.Q

-.
890.4 -
0.490.
50.2

1250.2
'0 610
57.0

1482 4
0 584
74.7

1566 4
0 (376
.64,1

809 2
0 457
46.8

1087.4
,0 527
59.3

820 6
0 420
531

702.2
0 407
56.3

638
0,372
54.0

1071.9
0.508
61.2

244.6
0.494
51.5

1017
0.496
55.6

0.581
.67.6

1493.3
0.572
77.2

835
0.438
52.6

1640.9
0 672
73.9

1

1102.6
0.53g
59.3

1083.4
0.406
60.9

0.482
45.6

'N

763 1
0 506
38.7

irli
1169
0.606
63.1 '

'545.4
0.435
32.1 _

--
42 5

1104 4
0'507
63.3

1169
0.624
60,8

392 2
0 323
33.4

697 8
0.450
48.3

436 2
0.309.
40.1

386.3
0 336
48.4

325.5
0 284
45.7

721.8
0:449
48.5

486 3
0.428
37.4

580.1
0.379
43.2

991.5
0.548
52.6

1328.4
0.590
69.6 1

458.3
0.336

40.9

1322:1
6.650
62.5

686.7
0.448
46.3

703.5
.0.464
50.2'

444.6
0.436
25.2

OctO

Rapid City, S.'ll.
Lat. 44°09.' N.
El. 3218-ft

Riverside, Calif. 1
Lat. 33°57' N.
El. 1020 It

Saint Cloud,'Minn.
Lat. 45°35' N. .

El. 1034 ft .
.

Silt Lake City, Utah
Lat. 40°46' N.
El 4227 It .

San Antonio, Tex
Lat. 29°32' N.
E. 794 ft '

.

Santoefaria, Calif.
Lat. 139,54' N.
El. 238-It

Sault Ste. Marie, Michigan
Lat. 4.6°28' N.
El. 724 ft ,...,

Sayville, N. Y.
Lat 40°30' N.
El. 20 It

Schenectady, N. Y.
Lat 42°50' N..
El 217 ft

Seattle, Wash.
Lat 47°27' N.
El.1386 It

Seattle, Wash.
Lat 47°36' N.
El.14 ft

Seabrook, N. J. .
'

Lat.39°30'N.
8A. 100 It ,

$4okane,Wa1h. '
Lat.47?40'N. .

E1.1968. _

State College, Pa. '
Lat. 40°48' N.
El. 1175 It ,

Stillwater, Okla.
Lat. 36°09' N.
Er. 910 ft .

..
Tampa, Fla.
Lat.27°55'N. ' -!-

El. 11 ft , A

Toronto, Ontario
Lat. 43°41' N. -

El, 379 ft ,

.

Plk.son, Arizotia -
Lat. 32°07' N.
El. 2556 ft es

, .

Upton. N. Y. I
Lat. 40°52' N.
El. 75 ft 'It.

Washington D.i.wecol
Lat. ' ic.
El:64 ft , --

.

Winnipeg. Nan. .

Lat: 49°64 '. N.
61.786 ft .

,1032.5
0.627
27.4

1335
0.617
,57.0

976 7
0.629
16 9

986 t
0.909
36.2

1299 2
0.550
58.4

1296.3
0.613
55.3

843 9
0 560
16.2

936 2
0.511
34.9

753 5'
0 441 1

24.6

520 6
0.35545.
421.6
0.324
42.9

854.
,

837
0.579
31.7'

749.1
0.413
31.4

1081.5
0.527
45.6

1461.. 2
0.600
65.-7

674.5
0.406
26.0 .

1453`.1i
0.646
57.3.

872.7 ,
0,483
34,9

901.5
0.479
'39.6

835.4
70.630
7.1 ,21.3

1503.71
0.649
34.7

1750.511913
0.643
60.6

.
1383
0 t14
29.8

1301.1
0 529
44.4

1.560 1
0442
65.0

1805 9
0.671
57.6

1336 -5'
0 606

'25.6.
1259.4
0 510
43 1

3026.6
0,433.
34.9

992 2
0.456
48.9

917.3
0.423
46.9

1195.6
0.476
43.9

1200
536,

5

1106.6
0 451
39.8

1463.8
0 555
53.8

1771.9
'0.606
68.8

-1088.9
0.467

-34.2

-. -
62.3-

1280 -4
' 0.522

43.1

1255
0.496
48.1

1354.2
0.661,1

1807
1.0.594.
I 48.2

2
0 594
05.0

1598.1
0.534
46.2-

.1813.3
0 578
53.9

1664 6
0.500
72.2

2067 9
0.636
59.5

1559.4
0.526
39.5

1560 5
0..498

-62.3

127-2 3
0.413
48.3

1507
0.510
54.1

1375 6
0.468
51.9

1518.8
0.481
54.7

1764.6
0.602
.49.2

1399.2
0.448
51.3

1702.6
0-528
64.2

2016.2
0.602
74.3

1388.2
0.455
443:-

2434.7
0.738
69.7

1609.9
0.514
52.3

1600.
'0.504
'57.5

16414
0.574

i 40.9

2028
0.574
58.3

2282.3
-0.635
69,4

1859.4
Q530
518.8

,-
63.1

2024.7
0 563
79.2

2375 6
0%661
61.2

1962.3
0.560
52.1

0
1857 2
0 522 1
63.3

1553 1
.0 438
61'.7

1881.5
0 538
59.8:

1664.9
Q.477
58.1

1800.7
0.504
V.9

2104 4
0 603
57.9

)754.6
0.493
63.4

1879.3
0.523
71.6

2228
0.620_
79.4

1783,2
0.506
58

-- ,.-
78.Q.

1891.5'2159
0.532
63.3'

1846.8
0,516
67.7.

1904.4
0.550
55:9

593.4
0.588
29.2

979.7
j 0.626

57.2

463.1
0.504
18.3i
552 8
0.467
34.0

954.6
0.528
56.5

943 9
0.627
56.1

359 8
0.408
21.9

533 9
0.447
37.7

356.8
0.331
28.0

239 5
0.292
44.4 '
218.1
0.269
41.5

522 5
0.416
39.3.

279
0.345
30.5

43.9
0.376
32.6

. 783
0.544
43-9,

1119.5
6.589
65.5

352.8
0.346,

.30,2

,1132,, 1
0.679
86.1

551.3
0.467
37.7

594.1
0.460
40.2

345
0.503
10.1

wt.

,t



Table 3-2
. .

,Monthly Average Daily Extraterrestrial Radiation,..%

Btu/ft2 and kJ /m2

LATITUDE JAN FEB MAR APR MAY, JUN JUL AUG SEP OCT -NOV DEC
-

20 ' )2349. 2676.. 3024. 3307 28. 341. 3425. 3338. 311.2. 2/68. 2425.; 225Q
26644.. 30359. 34307. 375 -15. 38884.. 39144. 38893. 37864. 35300. 31402. 27512 .25519

25 2107. 2478. 2896. 3271. 3496. 3530. 3491. 3335. 3018.4 2593. 2196. 1994.

23902. 28115. 32848. 37111% 39356. .40046. 39606: 37832. 34238. 29413. 24909. 22669.'

30. *1854. 2264. 2745. 3212. 3,488. 3588. 3532. 3307. 2902, 2399. 1953. 1738..

21034. 25679. 31141. 36436. 39569. 40706% 40071. 37534. 32917. 27213. 22161. 19714.

35 1593. 2034. 2574. 3129. 3489. 3625. 3551. 3259.~ 2763. 2188. 1701. 1471.-

18069'. 23072. 29200. 35497. 39530. 41129 40292. 36976, 31348. 24820. 192.96. 16687.

4d 1326. 1791. 2384% ^3024. 3460. '.3643. 3551. 31`88: 2604. '1962. 1441.: 12Q1.
4J

15043. 20319., 270.40% 34303. 39247% '41328% 40281. 36166. 29542. 22255. 16344. 13626. (on

45 1058. 1538. 2175. 2897. 3415. '3643. 3531. 3096.. 2425. 1723. 1176. 934'.

' 11998. 17448. ,24677. 32869. 38737. :4422% 40055. 35118. 27515. 19541. 13344.,'10579.
50 .2.92. 1277. 1951. 2751. -3352.. 3627.

'41141%-

115. 2984. .2229. 1472. 912. 670.

8987. 14490,. 22131., 31'209. 48025% 39644. 13851.. 25283.: 16705. 10342Y 76'65.

55 536. '1013. 1712. 2587. ,3275. 344.7. 2015. 1214. 652. 422.

6082. 11486. 19423. 29345. 37152.:,40863,
,

39100. 32391. 22863. 13778: 7396.' 4791.

.60 399. 748. 1461. 2407. 4150- 1.3578.; 3395. 2713. 1587. r 952. 405. 241.

3395. 8486. 164/6. 27308. 364'86. .40585: 38513. 367797 20277. 10798.. 4598. *2277.

93

I 4

t

9,4

.'



Table 3-3*
&Pk-

.
g fox KT '.=-.30 I ''

. t
V 1. . o t .

t LATITUDE JAN FEB -r) MAR AP.R MAY , . JUN Jpi.,.

, Tilt = Latitlit - 15°1,

20 1.06 1.05 1.,03 1.01. .r.01 '1.00
25 1.122 1.08_' 1.0;5 . 1.02.. 1.00
30 1.14 1.13' 1.07 _ 1.03 \\1.-6.0
35 1.23 1.19 '1:10 i 1.04' . . 99

40 1..35 1.28 1:14 1.05 :99
b.

45 1.,4 1.31 1.18' ° .1.07
50 1.71 1.4.5 1.25 _ 1.0-9

.55 2.27 1.67 1.34 . 1.11
60 3.09 2.07 1.42' ;- 1.15

.....

- ..

2O 1..15 1.10 1.04 f.99
25 1.22 1.13 L06. '.

...
.99 .95 .'93

30 1.23 1.-18' 1..08. , '1.00 ..`94 .12
4.,; ,

35 1.33 ..1.25 1.10' 1.00 .94 .90., .

4'0 = 1.47 1';.`36 - 1.14 1.0.1 .93 .90
4.5 .68 1.38 11119 1.02 .93 .$9 ,

50 14.88 1.53 1.26 .04 : .9.3 , ,-88..s
.

'55 2.53 1.7ilki 1.35 1.06 .-93 . "..87f '60 3.4,8 2.21 1.48 1.09. .93 i 87-
,

1.,01

Tilt`= Latitude
96 .94

.99

.98

.97

1.00 .9'8 1.04 1.17
1.01, 1.06k -1.23

.98 1.09 1.31

-i1/4-1.01 N....

1.00

-.95
.94
.93
.92
.9.1

AUG SEP

1.01 1.O2

1:01 1.03
1.02 1.051

1.02 '1.07,

1:09
1.13

'.98 1.02
.'98 r .1.03

,.97 1.04
.97 1.06

:97 1.08
. 8 n
.9. .15

6

1.00 1.2h
1.02 1.29

.

OcT NOV. DEC

1.04, *LOG- 1.07
1.07 1.11 ''109
1.11. `1212 1.1
1.15 1.2b(N-X,s26
1..22 1.31 1.10'
1.31' 1.46 .1.68
1.36 1.73, *1.88
1:52 1.99 2.74
1.77 2..92 4.41

1.08, 1.14 1.17
1.11. 1.19 1.18
1.14 1.20 1.26

,1.0.9 1.29 1.3,8

1.26 .1.4,1 1.54
1.36 1,58 k_.:518.

1.41. 1.89 2..10

f.58 248 3.12
1.85,! 3.26 5.07-





11

q

,

...

°

LATITUDE

/

20

5

3D-

5' -1.

40

45.
.

50

55

60

JAN FEB(

.

*1.19 1.10

1.2R 1.3
1:6 .1.1,8

1.37 1:25

.1;511 1.37'

1.74 1.37

1.95 1.53

2,65 1:78

3.66 2.23

4

MAR

1.0,1

1.02

1.04

1.06.

1.09
/

1.14

1.20

1.29

1A2

s

APR

.92

:93

.93

.93

.93

.94

-.95

.97

.99

.20
.88 .72 . .58

25 ,. 1.00 .79 .63.63 .49 > .41 .39
4 .

30 1.01 .88 .68 .53 .44 / .41 (

i
\

35 1.14 .98 .74 -.57 .47* .44

40 1.32 11.13 ,81 . .62* .51 .47

45 1.59 1.17 .89 : . _66 .55 .50:

Table 34-(continued)

r KT = .59

MAY JUN

Tilt .=: Latitude'+ 15°

.18 .85

.87 .84

.85 .82

.84 .80

w .80
.

, .83

.83 .78

.82 ,77
.

.82 .76

.841. .75

1 'Vertical

,

50 4 .1.83 1.6 .99
.
.72 :59 .54

55 2.-56 1.64 '1.12 .78 .62: .57

97

AUG
s

SEP OCT

\

/

NOV DEC

.86 .91 .98 1/07 1.16 : 1.22

.85, ,,,,
.3.4J .98 1.05 1.22 1:22

.83 .89 , .99 1.13 1.22 1.31

.82 .89 1.0D. 1-.18 ,1.31. 1.43

- :81 .a9 , 1.02 1.25 1.43 1.61

.80 .89 1.05 1.35 1.62' 1.99

:479. .89
N

1.08 1.38 1.95 2.21

.78 .99' 1.14 .-1.56 2.25 5.32

.77 .91 1.21. 1.84 3.39 5.41
f f

'

'' \ 4 .

.40 f' .45' .57 .73 °.93 .95

.42 .4.9 .61 .80 .95 1.07

.45- .53
1

.66 .89 1.07 '1.22

.49 .56 .7i .99 1.23 1.,44

\ .52 .61 .79 1.13. 1.45 1.87

.56 .65 .87 1.20 1.82 2.10

.59 .71 :96 1.41 2.14 3.27



LATITUDE JAN FEB . MAR

20 -
25

30

35

50 .

55,

60

.

,,

20 , 1.19 1.12 1.05

25 1.283 1.17 .,1:08
30 -.:: 1.30Y1.23 1.11.....
35 1.43 1.32 1.14
40' '1.61 1;45. "149

. .-

45 1;88 1.4,0 1.26

50, 2.13 1.69 1.35

55 2.94, 2.00 : 1.47

60 4.09 2.56 1.644

1.07461.05 1.03

1.915 1.10 1.05
:,

1%18 1.16 1.08

1.29 1.23 1.12

1:44 1.35 1.17

1.68 1.40 1.24
1.9D 1.8 1.32
2.60\ 1.86, . 1.44
3.59 2.36 1.61

99

, Table 3-4

Tt for TT = .40 I

PR MA JUN JUL AUG SEP' OCT NOV DEC

Tilt =e Latitude - 15°

1.01 1.01

1.02 1.00

1.03 1.00
,

1.05 .99-

1.06 .99.

1,69' 1.00
1.12 1.01
1.16 '- 1.02
1.21 : 1.0V

... 1

Tilt

.99 .95

1.00 .94"
1.00 , .94

:
1.01 .43/.

*1.03 :9A;
1.05 ` ,..93

1.08 .94

1.11 :9'4

. 1.16 .95

.
,

1.00 1.00 1.01 ,1.02 1.05 1.Q7 1.08
c,

.99 .99 1.01 1.04 1.08 1.13 1.11

.98 58 3...02 1.06 1.1 1.16 1.20

.97 .98 1.02 1.09 1.19 1.26 1.33-

.97 .98 1.03 1.12 1.27 1.39 1.51

.97 .98 1.05 1.17 1.30 1.58 1.85

.97
i

.99 .... 1.06 1.23 1.46 1.92 2.11
(.0

i

-.97 .99 1.09. 1.30 1.66. 2.25 3.16 If
,..97 1.::40 1.13 1,43, 1.99 1.40/ 5.16,

Latitude

.93 .94 .97 1.10 1.17 1.21
. .92- 1:04' 1.14. 1.24 1.23.

.91. .92 .97 1.06 1.19 1.26' 1.34

.89 .91 1.09 . 1.25 1,37 1.49

.69 .91 .98 1.3.2 "1.34.1 1.53 1.70

.89 .91 .99 1.16 . 1.4.7. 1.75 2.12

.88' .90 1.01 1.4 1.54 2.14 2.40

.88 .90 1.03 1.30 1.7.6 2.50 3.66

.88 .91 '1,06 1.41 °2.11' 3.84 -5.98

ido



Table 3-4 (continued)

R for' KT = .40

,LAWUDE JAN FEB MAR APR MAY -JUN JUL AUG SEP OCT NOV DEC

ao c 1.25

25 -1.35.

/30 13E'

'----- 35
,

1.49
4.%

40, 1.68
-

45 1.98

50 2.24

55 3.11

, 60 4.32

254 1.09

30 1.11

35 .28

40 1.51

45 1.849

5o 2.13,

55 3.04-
ti

101.-

Tilt = Latitude

1.14

1.19

1.25

1.34

1.48

.

1.03

1.05

1.07'

1.11

1.15,

.92

.93

.93

. .94

.95

. .86

,85

.84

.83

'.-83

1.51 1.2,2
, !

96 .83

1.72 1.30 w :99 , .83

2.03 1.42- 1.01 .83

2.61 1.59 1.05 .83

..84 %63 .46 .36

.94 .70 .50 .40,

1.07 ./7 .56

1.25 .... .86 .61' .48

1.30', .96 .62 .53

1.54 1.08 .74' .58

1.90 1.24 .132' .62

.83 . .84

4 .81. .83

.80 \.82

.79 /.21

.78 :80

.77 '

.76' .7

.76 - .79

.75 .78

.,

Vertical

.34 .35

.36 .38

.40 .41

.44 .46-

.48 .50

.52 .54

.55 .58

.90 .98 1.10 1.224 1.29.*

.89 1..00 1.14 1.30 1.30

.89' 1.01 :1.19 1.30. 1:41

.89 1.03 1.25 1.42 1.57

.89 1.06 1.34 1.58 1.80

.§O 1.10- . 1.47 1.82 2.27
.

.91' 1.16 1.53 2.24 2.5'

.93 1.23 1:26 2.61 3-92 <-;"

.95 ,1.33 11 2.11 4.03 6.42 °

.3.7-....4a..,_...6.a.:_sa,..,.......1....o.a._sos,_
.41 .56 .77 1.01

.46, .61 .85 1.04

.:50 .6,8 .95 1.19

..5.5 .75 , 1.08 1.39
- u

.-66 .83 .1,25 1.66

.66 1.34 2.12

.73 1.04° 1.60 .2.51

IC-
/

1.004

1.1"8

1.38

1...65

2:17,:

2.47
3,90

,



. L
I

Table
.

3-5
_

R for KT =,'.50, .
:

A Vol: .

LATITUDE
I
JAN FEB t MAR APR

, 4i-

20 1.08 1.0 1.03 .1.01

25 % 1:17 1.11 011.06 1.03

30 1.21 1.18 1.10 1.04
25 . 1.34 1 1.27 1.14 1.05
40 1.52 1.40 1.420 1.08
45 1.80 1.47 1.t 28 1.11
-5Q 2.06 1.68. 1.38. 1.14

55 2.15 2:01 1.52 1.19

60 4.01, 2.60 1..72 , 1.25

20 1.22. 1:14- 1.06 , .99
25 1.33 1.20 :1.09 1 ,00*
30. 1.36 L.2.8, 1.13
35 1.51 1.38 '1.18. .i.02
40 1.7-2 1.53 1.24 1:.04'
45 ,2..05. 1.59 1.07
50 2.34

x.28
1.83 .

4..,32
1.42 1.10'

55' ,2:19 ,1.57 1.15
60 4 59, 2..85 1.77 1.21

3

MAY JUN JUL AUG S13 OCT, NOV DEC
A t ..,..-

Tilt F LatittAb 15°

1.01 '1.00 1.00\ 1.01 1.02 1.05 1.08 1.09'

1.00 .-9.8 .99
It

1.01 1.04 1.519 1.15, 1.13
.99 _ .57 .98 1.02 r:07 1.15 1.19 1.24
.99 .97 .9'8" 1(03 1-.1a 4.22 '1.30 1.38 -.

1.00. .97 ' .98 1.04 1.14 1.32 1.46 1.60
1.01 .97 I

.9Z. 1.06 1..20 1.45. 1.69 4799.
1:02 .9'7 .99 1.08 1.27 1.54 2.08 2.30

2.03 .97 1.00 1.12 Q.36 1.78 2.46 3.51

1.05 .98 1.01 1.16 1.49 2:16 3-.80 \. 5.78

Tilt --,Latitude,.
4

. 94 U :92 .93 .97. . .1.03 1,12 1.20 1.25

. 94 ..91 .92 .97 1.05 1.16, 1. 9 1..28

. 9'3 .8? . .91 .97 1.d8 1.,22 1.31 .1`.40
,,

.2? '
.8 .90 .98. 1.11 1.304.1.45 1.58

.SJ -.6.8 .90 .99 1.15. 1.41 .1.63 1.83

../

.93 .88- .90 -.1,.01 1.20 1.56 1.89 2.31
if.9:4 ------.-,-,88 .91 1.03 1.28 1.64 2:35 2.65

.95 1.88
.

%91 1.06 1:37 1.91 '2.77 4.09

.97 .89 .92 .. 1:0,9) 1.50 2.32 4.31 6.74

1.04
,



I. . .. ,
l'.

..., . .

.%
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f Table .3-5 (*continued) , f
.

.C. .. .

,. I
IT fdr 17T =..50

,

''t

,..

',.. ,

..
. , N,

LATITUDE JA11 -FEB: MAR

20 , 1.30 1.17 '4'"- 1.04
25 1.42 1.23 1.0r7_

. 30 1.43 1.31 1.10
35 1.59. 1.4?ce 1.15
40 1,4.82' 1.58 1...20

. 45 % . 2.18 1.87 '1.28
50 2.48 1.87 . 1.38
55 ,3.49, 2:25 1.52

, 'r
.60 .4.88 2.93 1.73.

4 >4

r
'tip,-

.6.

2() ' 1.00 .78 .57
-

25 1.17/. ,.88 ''.64 ,,,',

SO. -1.19 1.00 . .71,,
. '

35 , 1.39 1.'15 L80 -
40, 1.66 1.35 .90
45 '2.05 . a. 4? 1,:z01

50 2.37 1.70 :1.16

-

.

.

APR

. ..92

.9.3

.93
t95.

:96
.98

,1.4.1
1.05
1.10

.37
',..,,

.43

.49
..55
.611

. .,.68.

.76

.. ..

. .' Tilt, = Latitude + :r5°' ,%.
. , 1 .

NAY JUN JUL 4,

.' .85 .81 . : 82

.84 .79 tkii

.83 78 :8,0

.62 .77. .79

.62 :77 :79
, .

.83 ., s.76 .79
.83 .16 .79. -
.84 .75 .79
.84 . :.75 ..79-. ,

Vertical

.29 .29 .29 '''

.32 .2-9 .31 -'

.37 , .S2 , .34

.41 .36 .38
t.46 .41 .4

, .52 .4.5 4P .48.
. .57 - , .50 x.53

,.
AUG' '

.89
.89
.89

A .

:89
) :96

;91
, .93 -

.95
.98

.33
,38 ..

- .43.'
'':.,48

.54
:60
.67

.SEP OCT

.99 -,, 1.12s..

'10].. 1.17
'1.03. '1.23
1.106,:. 1.31
1.10 , 1.42'
1.15. 1.57"

. 1.21 , 1.65'
1.30 .1.92.

,
1.43 , 2.34

....____- ,
_

1,449 .71.
.55 :',.7'9'
.62 .-69

.69 1.01
77 1.16

'.86 --; 1.35
.97k , 1.46

.

7

NOV

1:26-
1.36
1:37
1:51,
1:71
1:99'
2.48
.2.91
4.56

i'-.. t

':9,4

1.07
,1.11
.1

1.28
".1.51
1.83
2:3'7

.

DEC

1.34' .-
1.36 .,
1.50 '.
1.69
1.9i
7.50
2.84
4.47 w

7.26. ,
r\>
N)

k

1.08 ..,

1.11
1.2871
1.51
1,83
2:42

.2.77

.

1.

' tz
.. 4. s

4'

.0 I

5

f

.106,
6,

7



, .

1.07 .99 , k'94' .91 .,92: .97 1.04 1:13 1.23 1.28
1.11 1.00 ; .9.3 is .89 ..91 .97,, ,1.06 1.19 1.33 1.32

11.15 .' 1.0.1 . ..92 .88 .90 .!' ...i.7 1.09 1:26. 1.37 1.47
1..21 i 1.03 ' .921 .}3$ .9'0 .98', 1.13 1.35 1.52 '1.6_7/

,
t` 1.28 1.06 .."-Ii. .9'3 -- 4,2.88. 190 \ -1.00 1.18 1:47 1.75 1.96

.
I

I

1.37 1.09 . .94 .88 .90 .1.02 1.25 1.65. 2'.03 . 2.50
i

1-.50 A . 1''.13 .95 .88 4.91 1.05 -1.3t . 1.75 2.55 2.90 -'
t 1.66 1419 .96 : .88 .92 1.08 1.44 .2.05 :3.04 '4.53 ,

27-9'0 1.26 .98 .89' .9. 1.13 1.59 2.53 4.7'9 7.48.
.

..1.92 /1..54 1..32 ,1.12 1.01 .97 199 .07 1.23,/ .1:52 1.79 2.13-
....,

50 2'.-22 1..79 1.44
,

1.17* 1.03/ .97 ,A09' ,.1,10' 1.52, 1.'6,3 - 2.24 2.49
.55 , ., 3.13 -/ 2.17 1.60 1.23 1.05 ". .438' 1.01 1.14 1/42 1.90 2.68 3.85 (t.'

r.)
60 4.41 2.'83 1.85 t. io 1.07 .99 .1.02 " 1.19 /.57 2.342:4.19' _6.390

,_ '.:,

.. Tilt = Latitude 4

20 1.25 . 1.1'6.''
25- _ 1.37 '1:23

, ,430 6 1.41 %1.32
-

.. Tilt = Latitude 4

35- 1.59
,4.Q 1.84
45 1241
50 2.54

'1.4'4
1.61'
1.69
f .96

, .

20 1.25 1.07. 1.1'6.'' .99 , k'94' .91 .,92: .97 1.04 1:13 1.23 1.28
25- _ 1.37 '1:23 1.11 1.00 ; .9.3 is .89 ..91 .97,, ,1.06 1.19 1.33 1.32

1
, ,430 6 1.41 %1.32 1.15 .' 1.0.1 . ..92 .88 .90 .!' ...i.7 1.09 1:26. 1.37 1.47
- 35- 1.59 '1.4'4 1..21 i 1.03 ' .921 .}3$ .9'0 .98', 1.13 1.35 1.52 '1.6_7/

,
,4.Q 1.84 1.61' t` 1.28 1.06 .."-Ii. .9'3 -- 4,2.88. 190 \ -1.00 1.18 1:47 1.75 1.96

.
I

I

45 1241 1.69 1.37 1.09 . .94 .88 .90 .1.02 1.25 1.65. 2'.03 . 2.50
i

50 2.54 f 1.96 -.50 A . 1''.13 .95 .88 4.91 1.05 -1.3t . 1.75 2.55 2.90 -'
.S5 .3.61 2.38 t 1.66 1419 .96 : .88 .92 1.08 1.44 .2.05 :3.04 '4.53 ,

60 2, 5.08. 3.13 27-9'0 1.26 .98 .89' .9. 1.13 1.59 2.53 4.7'9 7.48.
. '

.S5 .3.61 2.38
60 2, 5.08. 3.13

.107 `".107 `"
44 lblb



- -

_
, ,

JAN * FEB
. .

,

.

,

MAR

'

., .

APR ,

-

1.35 17.05'. :052,'1.20
1.48

. ,
1.27,

10
1.09. .93

, 1.51' 1-.36 1.13 ', .94
1.70 1.49. 1.16 .95'
1.96 1:6,6 1.25 .98
2.37' 1.73 , .1:34 1.01'
,2.11 -2.07 ' **1,4i.' 1-.04

3.87 2"..46- ' .1.--63"'-- 1,09
. -...
,-5.,42 3:24 1:86 .1.15

.1

Table 3' -6 (continued) c,

_
:

. .
.

I T for., IT = ,.60
- T ...

,

L ,.. 'DAY* JUN . JUL
-.

AUG SEP OCT 100V . DEC

.
.

ATITUDE
.

20 .
. . ,

25 t
°,30

Tilt = Latitude + 15° ; ii .
I ' ,s

.831.1- -' ;79 -':°' V.81 .88 1.00 .1.15*, 1.30 '1.40
. .'

. 8 ':-38 .80. .88 -3,:.02... 1.21 1.41 1.442
. ..

. .77 ,, .88 1.05 r:28 1.4. 158'*79
. 76 --e ,.78' 89.. 1.0.8. 1.37 '1.60 1.80

1

.. 82 .'76 ...:78 .90 '. 1..13 1.50 .1.83. 2.12'
.

...83 .75 .,7.8' .921: 1.16 1..68 . 2.16- 2. 73

4 .433 .75
.,

.79 .94. 1.27, '1.77 2.72 /X.13
. .

i
4t),, :85 .75" ..79 .9.7 I.'3a 2.. -d8 3.21 4.41,

60

, 35 .
' 4.0

-45

50 .
55

v

is

20

4.)

25

.

41 ,_,86
.

6 , .76 .80 O1 . 1.452 . 2`..56 5.08 8.-.08

:

1.06
'01 1.24.

.1.27
1.50
1.61
2.26
2.62

'.81
.942

1.05 \
1.22
1.-45

-1:53
1.1it-

.56

.64

.73,

,..82
.94

1.07
1. 2

g

i

.3$44s

:41

.'47 .

: .54,
.6.3***

.69

. 78.

'
,

.30

35
.

40

45

50

X

Vertical

.25 .25°

.29 .425 .

: 33 . -29 -,. .30
.38 ..33 ..35
.4 . ...38 1 .40
.50 .43 :46
.5'6 -48 " .52

_ %

* " 7

109.

.

J

.4.7 .98 .15 '4,
_416,35 .54 .82 .1.18
!Pr 41 :62 .93 1/.16 1.38

,.47 .70 1:07 1.38 1.64
.53j- .79 1.23 1.64 "°2.00'
.60 .90 1.45 2.01 2.66
.67 1.b2 1.58 2.61 3.07

0



LAT JAN

K 8

20 746 '8472

25 707 , 8031

30 633 7193

35 .587 6667

40 536 6092

45 48i 650.7

50 406 4610

55 365 4142

60 301 3147

-ii

Table 3-7, ,

Monthly Average DAily Radiation on a Tilted surface
riTILT

for KT= .3, Tilt = LaNtude - 15°, A= Btu/Ft2, B =kJ /m2

4

.")

..e

(0.)

.1

PO

FEB AAR APRIL MAY JUNE JULY AUG SEPT OCT .NOV EL

A B 'A B A B A-13 A *B AB A B A B AB A B, A B

842.

.

Bog

767

425

687

604

555

50Z

:T64

)

9563

9109

8705.

8237

7802

6857

6303

5754

52,70

933.10600 1001

911.10347 1000-

680 9996 991

848 9636 975

814 9248 951

769 8736 929

731 8299'1'899

688 7808 860

644 7310 830

.
11367

11355

11259

11075

10805

,10551

10205

9772

'./ =
9421

1037 11781
, .

1040 11807

1045 11870

1034 11740.
.

1026 11656

1023 11621

1004 11408

991 11257

'"-
965 10964

1034

1047

1054

1054

1058

1058

.1054

1036

1029

11743

11894

11968

11968

12026

(2024

11974

11768

11688

1038 11784 1040

1046 11882'1009

1048 11901 1011

104-3 11845 996

1041-.41.843 974

1037 11776 956

4126 11655 930

1012 11495 907,

997 11323 886

11472

11463

11485
r

11314

11067

10851

10562

10300

e10061

951

931

913

886

851

821

781

743

702

10801

10579

10369

10062

9660

.9 2t

8874

8436

7969

863

831

798

654

717

676'

660

553

:505

9797 770

9442 730

9062 656

8563 611

8145 ,566

.7679-.515

6C:6 472

6283 .389'

5733 354

8749

8295

'7446

6946

6423

5845

5367'

4415

4027

721

653,

604

555

504
...- .

470

378

347-

265

8192

7112

6860

6308

'

5721

5332

4289

3938

3012

"''''tb,

.
q

-.....--....,-

Table 3-8 v

.Monthlv Average Daily Radiation on a Tilted Surface

ATILT T
for IT =".3, Tilt = Latitude, A,= Btii/ft2, B = kJ/m2 $

_-,
tAt -JAN FEB MAR APRIL . MAY- JUNE JULY AUG SEPT OCT - t(OV DEC

20

125

30

35

40

'45

50

55

60

A 4 A B A B A B A A 3 A B A B A B A B .A B A B

809 9192 882 10018 942 10703 981'11141 986 11199' 972'11039 976 11084 980 11132 951 10802 896 10174 829 9409, 769 8957

770 8748 4839 9531 920 10445 970 11022 988 11216 984 11172 983 11168 . 979 11122 932 10579 '862 9794 783 8892 706 8024

683 776i 800 9090 8881-0090 962_10930 982 11158 989 11234, 984 11180 962 10922 904 10270 819 9306 702 7978 656 7451
. ,

<

635 7209 762 _ 8652 848 9636 938 10649 982 11.147 978 11104 979 11120 t 948 10760 878 9969 780 8861 658 7468 608 6908
i

584 '6633 730 8290 814 9248 915 10393 964 10950 L'982 11158 968 10997 927 10524 843 9571 741 8412 609' 6918 554 6295

532 6047- 636 7223 776 8809 886 10057 97'1 10935 909.10324 9162 702 7973 557 6325 52588 1057 52 10808 11032 963 807- 2 .5966
.

446 5068 586 66512 737 8366 857 9737 934 10608 956 10862 942 10703 876 9952 768 8723 062 7066. 516 5864 422 4791. .

406 4616 537 6099 693 7866 822'933i 913 101G5 939 115665 930 1057 856 9717 731 8299 575 6511 426 4837 395 ..4484
. _

309 3513 495? 5616 648 7360 786 8030 88 10096 933 10593, 905 10283 829 9418 691 7847 527. , 5993,-396 4121.1 305 3463

:

4.,

't.

,

_ . 11:2
..0 4



Z

Table 3-9 i
Monthly Average Daily Radiation.on a Tilted Surface

RTILT for 1:
T .3, Tilt = Latitucie + 15°, A = Btuift2, B =0/m4.7

LAT JAN 4g8 . MAR APRI MAY , JUNE . JULY- AUG 4' SEPT OCT NOV DEC t

AB A A B A 8.A qi A B A B A B A B, A 8 A B -

20 838 9512 882 10018 915 10395 912 10354 903 1.0265 879 9982 884 10034 910 10336 913 10378'
25 802 .9107 839 9530 885 10051 912 10353 904'.10272 88%10091,, 889 10099 890 10215 886 10066

700 7951.800, 9090 856 9716 895 10166 888 10090- 882 10014'4,879 9978 883 10026 8t1 9776

'35. 654 7426 762 8652 818 9286 872 9903 877 9962 -'869 9870' 073 9912 870 9873 828 9404:''

40 60Q. 68Alw, 735 83'51 779 8842 8843 9570 860 9772 873 'r9818 862.'9788 850 9656 796 9040
45 551 6263 631 7171 743 8440 816 9269, 849. 9645 86'1 ,9669 825 9373. 826 9377 763 8667
50 463 5257. 586 6651 701 7967, 783 8894 824 9A4 837 9505 827 9396 796 9038 721 81'2ask s,

55 446 ,4835 540 6134 662 7517 752 8539 805 9139, 820 9317 806 9149 770 8745 6887819
80 328 3728 500 5677 622 7061 714 quo 774 8794 804 9131 '783 '8896 740' 8402 648' 7160

.

Table 3-10
Monthly Average Daily Radiation on a TAlted Surface
TILTfor KT = .3, Vertical, A = Btuift2, B= kJ/m2

888 ;10080 843 9574 82 9340

847 9618 .803 9J1 731 8297

812 9225 7 4 8110 682 7748

774 13 8 668 7583 630 7159

.73 8345-617 7012 580 . 6581

697 '7914 571 6485 556 6316

609 6916 533' 6050 444 5042

568 6448 440 4992' 420 477,,

525 960 412 4676 325 '3696,

LAY JAN FEB MAR APRIL MAY JUNE' iULY ' AUG SEPT c.CT.; NOV . DEC

ON

"A B AB-AB,A B AB A' A' B. "A B A B A B' A' -8 A B ,

Iry20 619 7034 577 6557 525 5969 436' 4951, 401 4549 392 4462 390 44'33 420 4770 485 6507 556 6311 603 6850 627 7120

25 631 7171 587 6663 547 6208 480 5455 426-4841' 413 46B5 418 4753 450.5107 516 5855 567 6441' 612 6950 AV?. 6461 .
.

. 1
'30 561 6173 597 6780 559 5353 510 5793 .460 5223 '441' 5007' 445 5049 i854, 5517 60' 6024 ' 575. t531.. 556 6316 5R7'_.6328-

35 544 6180 597 "6783 571 6482 534 6070 491 5574... 478 5429" 479 5439 518 5879 547 6207 584
, k627'.545 6194 538, 60

,,,40 .524 5957 606 6888.'578 6571 562 6380 528 6005 511 5827 521 5921_- '535 '607e 562 63i1 582 :6610 530 603Q Aja 5886.

.)

__

45 504 .7111r539 6124 .854L.6589 571 6508 563 6323 .546 6191s 550 6249 733 8323 574 '.6521 583 '6624
.

5804 523 5934 ,

,
. ' ,; , Y. 11:4 ,113 _,,

-__
. . .

,

r

.d



Table 3-11:
Monthly Average Daily Radiation oh a Tilted Surface'

HTILT
for KT = ' 'lilt = Latitude - 15°, A= 3,tufft2, B .=*.kJ/m2

I

*.. -

4

LAT JAN / FE8 MAR APRIL MAY JUNE JUL'? AUG SEPT OCT NOV DEC

- A B A. B A B A B_.A'B A B A B . A B A B 'A B A A B

20

25.,

30,

35

.40

45

50

5

60

1004 114Q3 11 22 12750 1 245 14134 1335

968 10995 lose )2'371 1215 13796 1333

8Z4 09928 1049 11916 1185 1-3461e).1322

821 9324 999 11351 1.12 13082 1313-
763 '8665 .966. 1097 2 ''1114, 1 2654 1281

710 8063 860 Y771'11078 12440; 1262

4601 830 .806 -9158. 1029`11685' 1231.

551 6325 752 8546 045 11187 1199
4

'429 4875 705, 8010 04010675' 1164

15156 1383

15141 1386

15011 1344

14909 1378

14.544 1364

14130'1364

13982 1353
, .

13616"1335

13212 1913

1 57-09 --:1378 1 5658

15742' 1396 15858

15828111 40 1 5957

41,5654. 14'05 15958

15542 '1412 16035

15495 1412:16092

15362 1406 15965

/
151 58 13961158p

14004 1387 15747

1370

1381

1397

1391

1388

1383

1382
a

1363

1357

. .

15557

15684

15868

15794

15760

1.5701

15699

15483

15405

,

1343.'1529)

1346 15284

1349 15314'

1328 15086

1312 14900

1299.14149.

1264 r4353

1244 141 22
,

1225 13912

1268

1254

1229

1203.

1165

'1139

1095

'1047

1007

14402

1424

13956

13667

13234

12877

12439

11888

11436

1161

111$

1083

1040

995

957

859

8116*

757

13189

12706

12300

11814

11305

16865

9758

914&

8595

1037 11775

9914i21259

4/

905 10282

721.-- 8213

00 9087

743 8433

t;
6W-7943

.

586 6656

'551 6253

971

886

.833

782

725'

684

565

533

414

11024

10065

9463

8877

8230

7828k-1

6419-

6055 .

4700

,

et

.

. Tqle 3-12
.Monthly. Average Daily-Radiation

11-
T4.-1

Tor K
T

= '.4, = Lati4de,

AT . MN FEB . MAR AP111L

on a. Tilted Surface,
A= Btlift2, B= kJ/n14

.
MAY JUNE JULY 'AUG SEPT' OCT, ' NOV. DEC

A`- B A 8 A ' 8 B X 13.4 A B A -B A B A 6 B A 8

,
20 11f7 12683 1f98 13600 1259,44468 468 L4856 bp 14775 1282 14561

25 1078 12238 1159 f'3157 1250 14190 1130 f,'4844 , 1303 14798 4298 14711
_L

30' JAr 10938 1113 12614 121413826 1 14574 1310 14878 1305 14817
. .

35 910 .10335 1071- :12182 11)2133151 , 2261 r4341 1294 '14705, 1289 14641

40 ' 853 9688 1038 -11785 1134 12871- i1245 14133. 12851:14600 1296 14713'
,..

11 " ' '
.45 794 ...9022' 915 1039911095' t2437. 1215 13804, 10,p9-14410,' 1295 14710

. r

50 674 7657 862 - 9795,1052 11951. 1187 1348Z 1259 10973 1275 14481
. ,

,
.

55, 630 7147 809 '91139 11006 11420 1147'13Q29 1230 13069 1267 14384

Ap l. 489 5554 765 8690. 1957 108741 1116 12671 1211 13781 1258 14285.; a

ti5

1288 14623 1204 14691 141 14544 1217=. 13817 1134 .12875 10138, 1235
.

1297 14733 1302 14678 1254 14243 1181 13412 1088 12354 982 11153
. )

.12.98 14746' 1282 14663 '1;229 13956 1208 : 13715 984 11169 940 10567

;291. 1450 127644491.1203 113667 \1093 12410 931 -4574 8)6, 9945

*- 1241..14662 1248 14171 1165.13235 1050 11929 881 10002 816 9266

125'14260 122413907 1124,12767 1018, 11490 , 822, 9341 790 1.'8971

147 14271 1204 13676 1086 12338, 900 10290 780 8852 642 /7301
/.

1239, 14075 1175_13145 647 11889 854, 9700 651 7396 618 -7014 ' .. '

\ lit

1234 1401 111Nw 13050 1007 11436 802 9113 621 17,062 4 0 54471t4 '' i - / ',
4

,116 4-

A



Table 3-1 3,
Monthly Average Daily Radiation ori a Tilted Surface

TTILT for 1(
T

= .4. Tilt = Latitude + 15°, A= Btu /ft2, kJ /m2

6AT JAN FEt MAR AWL MAY JUNE .JULY AUG SEPT . )CT NOV DEC

4

A B, A B' A B' A' B A B 'A B A B A t ' A B A B A8 AB
4) 103 13322)219 13843 1245 14134 1215

1215 13796 ;121525 1136 12907 1178 13382

30 1308 11442 1130 5p39

.35 948 10769'1089 12366

40 890 10109 1059 12028

45 837 9502 IV 10538

5d 709',' 8052 9,969

55 666 7566 821 9326

60 , 516 5866 780 8859
%

1173 4328,.1193

1142 12965,-4'5

1095 12438 110

1060 12b42 1111

10131150B 1088
..

971 11032 1044

928,0642 1009

'i,LAT, JAN FEB

A ,B - A B

20 892 10125 813 922 9

25 918 10422 832 9447

30 822, 9339 850 9655

35 814 9261. 869. 9{374

40 800, 9086 ,894 10159

,--45 778 8E60 799, 9072

50' 674 7657 786 8926,.

117.
e

13805 1178 13376 1144 12995 1151 13068 1200 13631,

1380.5 1178 13381 1143 1297k 1,151313149 1186 13468

13554 1171 13295 1147 13025 1157 13143 1177 13362

13346 1156 13123 1144 12997 1149 13054 1159 13163

13035 1147:14030 1135-12894 1135 12890 1134 12875

1262111132,42860' 1121 12727 1129.12818 1113 12642

12358 1117 12624 .1102 12509 1103 12527 1085 12312'

11855, 1086 12334 1094 12422 1088 12355 1Q61 12049

11469 1058 112014 1072 12175 '1058 12016 1030'11696
0 .4

1219 13838 1217 13817 1182_13425 1160
, .

1206 13695 1181 13412..1141 12953, 1038

1171 13298 1141 12963 1015 11523 979

1137 12915 1093 12410 965 16960

1103 12526 $050 11928 909 10329 863

1066 12107 1012 11490 855 9714 846

1033 11731 900 10223 816 0266 686

990'11249 854 9700 680 p721 661

950 10787 802 9113 652 7413 6,15

Table 3-14 ,

Monthly Average Daily Radiation ma Tilted tSurfac,0
TILT for KT :4, Vertical,. A= BtLirft2, B=10/ni2

MAW APRIL MAY JUNE ,. JULY , AUG SEPT OCT:

A B A B A B A B A 13 A 6 A B

688 7822 , 530 6022'4- 466" 5288 455 5167 .452 5134 493 5604 622 7060 763 8667

728 , 8278 601 6828 499 5667 480. 5446 488 5545 546 6204 675 7669 798 9059
4

768 8719 642 7.287 557 6331 516 5861 ' 5361 6091 608 6906 707 802 815 9252

.792 8994 700 7951 613 6957 579 6580

h
582 6609 651 7305 751 8527

. -

830 9432

819 737 8370 _664 7535, '640 7271: 653 7411 701 7956 780 .8862 847 9614,9301

4*"
834 9476 776 8809 -723 8212 699 7934 1705 ,8011 742 8428 804 9135 860 9771

84249560 -8* 9238 777 0822 754 8559- 754 8563 787 8937, 826- 9405 788 8953

\

13168

11788

11119

10479

9811

9606

7788

7512

.
5847

r

NOV DEC

A\ B ... A B

'862 79.4 .980 10309

886 1 63 8361

812 9 19 819s, 9305

809 91 5 811 9211

800 90 7 792 8993

780 886 809 9183

772 877 --661 7513

1,

IN) ;
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Table 3-15
Monthly Average Daily Radiation on afTilted Surface

TT
TILT

=for T.T. .5, 1Tilt = Latitude -'15 °, A =-Bto/ft2, B= kJinir2

' )-

LAT JAN , FEB MAR ". APRIL MAY JUN, JULY AUG SEPT OCT NOV DEC

A BABABA"B 'BABABABAB
20 1267 14387

25 1231 13983

30 1120 12725

35 1066 12106

40 1007 11433

45 951 10798

.

50 815 9257

',.:L'55 769 8728

I'LL:T.
60 59Y-1.806

1417 16090 1564 17768. 1668 18945

1374.15603 1532 17409 1683 19112

1334 15151 1508 17128 1668 18947

1290 14651 .146 1Et44, 1644.18636

1252 14223 L429 16224 1631, 18523

1129'12824 1391 15793 1606 18242
.

1072 12172..13'4(15270 1566 17789

1016 11543 1300 14761 1537 17460

971 11032 1255 14255 1503 17068

1729 19636

1733 19678
. -

1725 19587.

1723'148567

1726 19624.

1722 19562
. '

1701 19323

1685 133

1673 18999

1723 19572 1712

172819623 1726

1738 19742' 1729

1.756 19948'173

1765 20045 17

.1764 26041 1728

-

1757 19956 1Z28

1745 19818 1722

1751 19886 '1713

19446

19605

19635

19743

19737

19627

19624

19950

19449

1684 19121

%

1682 19105

1686'19142

1679 19043
.

1656 18806

\1639 18613

1609 18279

1597 18139

1572 17852

1585

''"

1568

1551

1518

1.483

1454

1414

1369

1330

18003

17804

17611

17241

16839

16509

16054

15547

15166,

1452 16486

1411 16030
r

1377 15647

1333 45140
....

1293 114.688

1247 4167

1132 12862

tip 12262

1026 11661

.>

1308

1261

1161

1194

1051

991

947

801

769

14856 1224139O813908
i

14323 1128 12808

13186 .,1076 12222

1.
..

12542 1014 11514
:

11931 960 10901

11275 927 10526

10755 770 8745*
.

.
9097 '710 8408

8736. 579 6580

. -

4

Table 3-16
Monthly Average Daily Radiation on a Tilted Surfac

RTILT for K = .5, Tilt = Latitude, A= Btu /ft2, B= kJ/n.14

LAT JAN FEB MAR APRIL MAY JUNE JULY -, AUG. SEPT

A B A B A.B A.B A B-A.B-A B A B A

20 1413 16253 1533 17407 1601 18183 1635 18570 1609 18275 1622 18421 1593 18085 1617 18364 1601 18179

25 1400 15895 1485 16869 1575 17902 1634 18555 1629 18497 1604 18220 1604 1'219 1615 18348 1583-17975

30 1258 14303 1447 16434 1549 17594 1620 18400 1620'18399 1595 18114 1605 18232 1602 18203 1565 17775

35 1201 13642 1402 15920 1517 17228 1594 18103. 1619 18381 1612 18302 1597 18131 1595, 18118 1532 17398

40 1139 12937 1369 15544 1476 16765 1571 17837 1606,18249 1601 18184 1596 18126 1576..17902 1496 16987

45 1083 12298 1221 13871 1434 16287 1548 17585 1586 18033 1601 18181 1587 18205 1562 17735 1454 16509

50 926 10514 .1167 13258 1384 15713 1511 17164 1574 17871 1594-18104 1588 18038 1535-17433 1424 16181
. ... . . .

. ,

55 878 9974,1107 12577 1343 "15247 .1486 16873 1554 17647 1583 17979 156717790 151217167 1379 15661
...

% ,.. .

613 686 7791 1065 12042 1292 14670 1455 16521"'154517551 1572 1857 1560 17716 147y 17e 1339 15208

T

OCT NOV. DEC

F /

B_A B A
',..B.A B

1548 17585 1454 16507 1404 15949
N4.

1502 17059 1415 16066-'.4278 14508

1462'16599 1278 14515 1215 13800

1421 16133 1232 13989 1161 13183

1382 15690 1473 13320 1098 12463

.

1342 15242 1110 12610 1076'12219
.

1206 13698 1070 12151 887.10076

1158 1315E1 902 10243 863 9797

11'.63'12526. 873 9909 676 7673

'7=

120
. .
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Table 3-17
Monthly Average Daily Radiation on a Tilted Surface

H
TILT

for R = .5, Tilt,= Latitude + 15°, AlitBtOft2, B= kJ/m2

LAT JAN FEB MAR APRIL' MAY
a

, JUNE JULY AUG SER. OCT NOV DEC

A 13 A. B A B "A B A B .A A "A B 9 B .A B A B

'
20 1527 17319 1566 17760 1672 17840 1521 17257 1457 16525 1397 15853 1406 15946 1485 16849 -1540 17474 1550 17585 1528:17333 1507 17098

25 1496 16970 1524 17290 1780 20201 1521 17267 1457 16529. 1394 15819 1414 16040 1484 16835 1524 17290 1517 17207 14493 1693e 1359 1541,5,

coo
30 1326 15039 1482 16820 1506 17128 1493 16943 1448 16421, 1399 15875 1413 16028 1472 16703 1494 16952 1475 16736 1338 15180 1303, 14786

35 2532 28730 1444 16381 1480 16790 1486 16861 1429 16207 )1366 15835 1403 15915 1,450 16454 1465 16614 1433 16257 4284 14568 1243 14100

40 120713689 141? 16052 1430 1.6224 1551'16465 1418 16091 ....1402 15911 '1403 15911 1437 16275 1432 16248 139 15801 1232 13974 1177 11353

45 1152 13077 1246 14132, 1392-15793 1420 16106 1417 16075 1384 15702 1395,15821 1409 159'79 1395 15821 1352 15340 1170 13277. 1166 13224

54 982 11144 1194 13548 1346 15270 1389 15760 1391 15780 1378 15635 1380 15659 1388 15740 1348 15296 1215 13782 1130 12824 952 10799

55 935 10613 1139;12921 1301 14761 1358 15406 1375 15603 1350 15324 1361 15444 1356 15386 1310 14861 1166 13227 949 10761 933 10588

.

60 730 8284 1096 12432 1264 14338 1324 15019 1340 15200 1342 15219 1341 15212 1329 15081 C1278 14498 1114 12633 924 10483 729 8226

h

. . Table 3-18
Monthly Average Daily Radiation on a TjltediSurface

for KT = .5','Vertical, A= Btuift2, 6.= kJ /m2
HTILT

LAT JAN FEB MA APRIL MAY JUNE JULY AUG .SEPT OCT NOV DEC,

A .B A B A. B A' B. A B A .B A B, . A 14 A B -A' B A --, A B

20 1174'13322 1044'11840 862 9777 612 6940? 496 5638 500 5676 497 5634 550 6247 762 8649 983-11148 1140 12931 1215 13780

25 1232 13982 1090 12370 927 10511. 703 7979' 555 6297 512 1-5807 *446 6139 634 7188 830 9415 024 11618 1175 13326i 1109 1'2581,
t .

30 1103 12515 1132 12839 975 11055 787. 33926 645 ,7320. '574 6513 600 6814 711 8070 899 10204 1068 12118 1084 12300 1112 12617
A

351107 12558 1.189 13266 1030 11680 860 9762 714 13104 652 7403 675 7655 782 8874 953 10815 1105 12534 1089' 12349 1110 12600

.
401100 12486 120913715" 1072 12168 922 10462 796 9207 747 8472 763 86e, 861 9765 1003 11374 1138 12908 1088 12340 1099 12468

45 1084 12298 1092.12388 1099 12462 985 11175 8B8 10072 819 .9297 847 9613 929 10535 1043 11831 1163 13190 1070 12143 1128 12800

121'
ti
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Table 3-19
Monthly Average Daily radiation on a Tilted Surfacen

H
TILT

for K
T

= 6 tilt = Latitude - 15°, A =B-tutit2, BilkJ/m2

LAT . JAN APRIL
^

MAY JUNE JULY' AUG , -SEPT OCT NOV DEC
FEB., MAR

, - *

, Ai

.

B. A A,B,1AB A BtA B AB r : LB A ' B , A B....-

- .

.40 1536 7425 1702

5 1504 17066 1680

30 f379 15649 1630

35.1107 12558 1598

40 1273 14441/ 1569

45 1218 13821 1421

50 1Q55 11970 1372

55 1007 11422 1318
.

60 792 8483 1270

. ,

19308. 1887 21407 2004 22734 2057 23330 2070 23486 2052,23336 2,023 22945 1923 '21815 1760 19971
.

19062 1869'21088 122 22934 2082 23614 2076 23547 207423526 2021 22926 1 01 21570 1727 19589'

18481111828 20740 2004 22736 2072 23503 2088 23690 2077 23561 2025 22971 1 213301684 19103-

18134 1807 20498 1990 22376 2070 23480 2088 23690 2088 23691 2014 22851 1857 21066 1641 18615

17800 .1759 115 1977 22434 2076 23548 2098 23804 2087 23685 2008 22784 1828 20738 1613 18294
,

16122 1723 19,544 1947 22088 2069 23474 2120 24050 2097 23793 1987 22545 1790 20306 1571 17821

15562 1685 19121 1931 21909 2871 23500 2110 239471 2976 23548 1969 22342 1765 20024 1440 16,337
. .

14954 1644 18646 1909 21657 2063 23405 2118 24027 2089 23695 1953 2214 1717 19479 1384-15707
). 1

14409 1604 18200- 1877 21300 2048,23233 2125 24107 208 23570 1937 21976 1683 19100 1336 15160

$

Table 3-.20 -

Monthly Average ;Daily Radiation' on' a Tilted Surface

HTILT for KT .6, Til.t.= Latitude, A= Btuift2, B 4J/m2
4

..
A B .A B

1572 17828 148016842

1541 17486 1379 15642

1418 16D89 1324 15022

1378 11630 '1271 14417

,

'1323 15004 1211 13735

1263 14331 1192 13519

4 6

(1225 13400. 1002 11362

104811893 976 11067

1019 11560 770 8730 gi La)

. FEB MAR APRIL MAYa JUNE\ AUG SEPT OC1 NOV DEC

. A, 0 A B, A B A B A B A4.8 A B A 12 A 13:: A B A B A B

20 1761 19983 1862 21124 1941 22025 1964 22284 1933.21931 1884 21373 1892 21469 1942 22036 1242 22027 1876 21290 1790 20303 1727 19598
,.. ,

' 25 1732.19647 1829 78749 1928.21877 1963 222571936 21960 1885 21384 1906 .21624 1941 22018 1920 21775 1851'21000141752 1987:7 1582 17954
). ,< . - ,,,,,

30 156817795 1793 20338 1894 21487 1946 22080 1925 21842 1894 21493 1907 21638 1926 t1845 1898 '21528 1814 20573 1606 18216 1532 17387
0,

,

. 35,1520 17238 _1757'19934 1869 21200 1934121937 1923'21821 191421716 191821758 1916 21741 1874. 21254 1772 20104 1551 17598 1474 16720
,. - , .

" 40 1463 16607 1730 19628 1831 207,67 1923.21g16 1930 21900 1923 21821 1917 21751 1913 21 ;%1843 209151730 19628 1495 16965
..

45.1402 15961 1560 17692 17:: 20284 1891 21496 1926 2184 1923 21818, 2907 21629. 1895 21 92 819 20636 1705 19345 1424 16253

.50 1207 13696 1502 17040 1756 19918:1866 21160 4911,21674 1915 21725 1906 21646 188021)26 1778 20175 1546 17540 1395 15823

**5# 1161 13173-1446 16402 1705 19345' 1847 20952 1886 21399 1902.21575:190221583 '1 50 20989 1741 19753 1493 16946 118913490
. .

.

...,

60 912.10347 '140515936 -1666 18896 1820'20644 .18/5 21278 1910 21672 1894 21490 1839 20868 1705 19344 1445 16391 1165 13214
.. ,.

Is 7

1413 16024

1399 15868'

1166 13233 '

1148 13021'
.

900 10219

42 4



Table 3-21
Monthly Average Daily Radiation kn a Tilted Surface

'TILT for g = .6, Tilt = Latitude 15N4 A = t3tu/ft2, 8= kJ/m2

LAT JAN FEB MAR APRIL MAY. JUNE JULY AUG SEPT eOCT NOV DEC

A B A B A k-13-ABA BABABABABA B A B

20 1902 21582 1927 21858 1905 21613 1825 20708 1707 19364 1636 18559 1666 18901 1762 19992 1867 21180 1910 21667 1891 21459 1890 21435' 4.
25 1870 21224 1888 21423 1894 21482 1825 20708 1707 19363 1652 18741 1676 19010 1761 19975 1847 20954 1882 21353 1858 21073 1702 19313

30 1680 19056 1847 20954 1861 21113 1811 30550 1716 19468 1658 18806 1674 18994 L747 19818 1828 20738 1842 20900 1688 19147 1647 18689

35 1625 18430 1818 20626 1822 20674 1784 20233 1714 19449 1653 18754 166218856 2112 23960 1791 20 1798 20402.
.4(

193 18524 1589 18022.

40 1560 17690 1805 20481 1787 20280 1778 20.170 17b2 19310 1661 18845 1662 18851 2161 24520 1766 20029 1765 20030 1582 17945 1528 17332

45 1504 17061 1597'18111 1/59 19840 1756 19919 1701 19291 1639 18595 1652 18745 1709 19385 1732 19645 1736 19697 1524.17294' 1527 17328.

50 1288 14612 1548 17562-1409 19387 1717 19474 1669 18936 1632 18516 1656 18791 1683 19092 1698. 19266 1563 17741 1488 16858 1259 14282
- 00.

55 1245 14122 1494 16953 1674 18996 1692 19191 1670 18948 1621 18388 1634 18533 Y662 18851 1669, 18930 1516 17195 1256 14245 1244 14114

60 973 11040 1454 16497 1531e18499 1661 18842 1646 18673 1631 18506 1629 18486 .1644 18652 1630 18493 1462 16585 1235 14015 973 11039

Table 3-22
Monthly Average Daily Rvliation _en a Tilted Surface

ITTILT for Kr .6, Vertical, A= Btu/ft2,. B= kJ/m2

49t

LAT JAN FEB MAR APRIL MAY . 'JUNE JULY AUG SEPT _ gbv DECABABA B, ABA'BAB"ABABABABAB- ,A. B
6

20 1494; 16945 1300 14754 1016 11527 674 7653 514 5833 5871 514 5834 581 6588 877 9954 781 8855 1426-16177 1552 17608 .,517
,

25 1567 17783 1368 15519 1112 12613 805 9129 604 p6444 .530 6007 545 617$ 700. 7945 978 11093 1276 14471 .1502 17038 1415 16049

30 1413 16027 1426 16177 1202 13640 906 10274 690 6834 624 7082 , 636 7 #t13 814 9233 1079 12245 1338 15185 1383 15690 L439 16323

35 1434 16262_1489 16889 1266 14366 1014 11501 79( 9013 714. 8i43, 746 8461 919 10427' 1160 13166 1404 15934 1408 15977044Z 16420

40 1440. 16337 1558 17678. =1344 15251 1107 12554 913 10361 830 9423 852 9667 1013 11500 1234 Lop 1448 16424 1417 16082 1441 16351,

45 f434 16269 1412 16017 1396 15842. 1199 13607 1024 141621 939 10661 974. 11055 1114 12642 1310 14858
. ,.

1499,17001.- 1419 16093_ 1488 16884
....

125.
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Figure 3-7
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Figure 3 -1.1
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ASHRAE American Society of Heating, Refrigeration and Air
Conditioni.ng Engineers
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Algorithm A procedure, specifically for computations

Ambjent Prev0 I ing environmental' Condition

t Insolation Solar, radiation
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J.69 Btu/(ft )
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Collector area, ft2
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high low
)

IgNree F-day [65
2

-I- 1.

Total average daily solar tadi-ation on a horizontal surface for
a month (Btu/ft2-day l

O- Average daily extraterrestrial solar radiation on a horizontal
surface for a month, Btu /(ft2 -day)

HT - Total average solar daily radiation on a tilted. surface,-
(Btu/ft-day)

KT Ratio TO-1-0

L Annual or monthly heat load, Btu

Q Heat load, Btu/hr or Btu/DD

QDES Heat requirement of building, Btu/DD .
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Thigh_. High temperature for day
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4-1

4

INTRODUCTION

TRAINEE- ORIENTED OBJECTIVE

Th`e primary.object4e far,the-trainee in this module is to learn

simple and rapid methods forsizing solar c011ectOes and'designing

'40 heating and service hot water systems.

SUB-00ECTIg,

At the end of this module the trainee should be able to:

1. Relate information on solar i9put radiation to sizing systems.

. 2. Describe building load Tiquirements.-

4
3. Describe the efficiencies of components and systems.

4. PerT6m qutck,Calculations.

It is important that the designer of solar heating and/or cooling

systems be-able to perform rapid and approxiMate calculations for

determining theSize of the various components that constitute a solar

heating alid/or c olin system. These approximation techniques presented

in this module may be used to provide quick checks agkinst more detailed-

analyses to ensur against possible gross errors, and may also be used

to pr6fde information to a potential client. From an approximaA col-

lectox area,sizing, and using an installed system cost based on collector

arba, (say $20,pdr,squarefoot of collector as given in Module 2)1an.

approximate system cost can be estimated for the purpose of discussions

with.Clients. Itshould'be emphasized that the methods. presented in

this module are only approximatoi.ana should not be used for the de6iled

design of a system.

4_

173-
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4-2

APPROXIMATE COLLECTOR SIZING METHODS

A. HUCK-WINN METHOD

Design curves Wave beeri developed for air and water residential

solar heatinVsystems for space and service hot water heating, and

selkice pot water heating separately. The system configurations modeled

are-shown in Figures 4-1 through 4-4,and the assumed daily hot water

usage schedule,is given in Table 4-1.

40

Several methods of plotting the annual fraction of the heating load

supplied bylthe solar syStem, f, as a function of climatic conditions

were tested. Of those methods tested,the parametric group- ATA/L gave

the'best results; HT is the January solar insolation on the tilted

collector surface, A is the-collector area, and `L is the total heating

load for January.

Thirty cities, dispersed throughout the continental United States,

were selected for the development of the.design curves. The data points

fov each location were obtained by assuming a,particular collector and

,collectoy area, and calculating the annual fraction of the-heating load

supplied by the solar system for the given area,

Three restrictions were imposed for the development of the curves._

One, the annual fraction of the load supplieM by the solar system, f,

must be at least d.l. Two, f, could not exceed.0.9. And three, the

Collector are was not to, exceed 1200 square feet. These restrictions

0.
1 Steven Huck and C. Byron Winn, "Design Charts for Residential Solar
Heating Systems;" submitted 'to Solar Energy, December 1976.

174.
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Table 4-1.

4

4-5

cheaule of Daily Hot Water' Usage
-

Percent .of Tot Usage. t' Time Percent' of Total Usage

Midnight - 1
r -

1 - 2
"2-
3 1. 4

4 -5

5

6- 7
8

- 8 - 9
9 - 10

,10 - 11
,11 - Noon :

2.25

D.00

0.00,
0,00

. 0.00

0:00

1.50_

4.65
.

7.25

8.49

6.90:
4.50

Noon --1 3.60
1 = 2 5.10

2--'3 2.70

3 - 4 2.40

4 - 5 2.10

5 - 6 .3.75

6 - 7
M

6.75

7 - 8 ' 11.66

, 8 =.9 9.60

lo. 6.90

10 - 11, 5.46

11 - Midnight 4.65

s .r,
4 . ,,

.4

were imposed for economic reasons. A system designed to supply l'ess than
J '*-: .

r,.

..-.-- 10'percent of the required.load would iii.ohably. never realize a dollar
:

. savings due'to the high fixed costs Of the system.. These. fixed costs,.,
would be for..requi red .11eat, exchangers, pumps or blowers-, and' piping or

# A _ . ,
ducts. On,theother hat, a systein designed to supplYrmorethan 90 percent

--,a0,,,- -

C5-

of the f-equired load may not realize a doll,ar savings-s_clut to the high cost

4.

- t ,.,,,r,.
of The'coll ector ar:ray'th-at swiiffild be required. For-,this me reason, they

. A- . z..; 1 .,

collector.array area was not allOWed to exceed the 1200-square-fabt ..

limitation. These are reasonable restrictions, for; residential, constektion.
. .

--A least-squares, polynomial curve fit Qf the' form .

J

f = + iT-A/L-i: 0 (A-A/L) 2
+ (1LA/L) N

0* 1, r N

wa s' lectecC-"o fR.V.the_data generated for the three ciTign cases,.far\41

all of tie _collctirs tested. The'design 'curves 'given Figp;es 4-5
-P

S

4

.r)
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A

° o

4-6 .

through 4-7.show th.e_results of the curve fitting process for each,'
''' Af

6101ctor analyzed.* Table 4-2 outlines the eesulttpg standard-deviations

1

for each desigh case and coll;ector The values that were assumed for

the collector parameters and their, respective cede numbers, for use with

the design curves, are given in Table 4-3. Values for additional col-
,

. lectors are shOwn in Table 4-4.
. \

. .

The following example problem illustrates the use of these pirves.

( Suppose that we wish to design a solar system to previde approximately
...

7-5. percent of the space heating and service ha water i-equirements for a .

, . .

, - i
house to. be locatedenear Denver, Colorado-. The house has a heat load of

24,000 Btu /DD icluding service hot water)

le January heatihg requirements are determined by multiplying the

heat load **tie average number of degree days for January as determined

4
from Table 4- 5,which gives normal heating degree days for many locatiohs

in/the United States* A degree day
..
is defihed as. the difference 4Ftween

*
the'avenageltemperatucsend 65 °F. That is, if the'eierage temperature4.

for a day is 300F, then there wouid%be 65 230 = 35 degre days-in'that .

day. Continuing with our ekainlite We obtain'

L = (24,000 151p(1,)32'DD)

* 106' Btu ,

or 27,168 million Btu forsthe month of Janua,ry.,4

The radiAtion HT on -the tilted surface.-is

of the material presented in Module 3. Fir§t'we

r fr

jf t-

determined by the use

find tfie'radiation on'

*.See Apprpximate.Size,:Curves, pages 4-27 through 4-32

**See Degtee Day Tables, pages 4,45 through 4 -53-

1:78

4.

Ir
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4-7

TaiSle ttandard, Deviati'ons for Design' Curves
of ,Figiares 4-5 Through 4-7

A

Case Description Figure 14 r Cole. Std. Dev.%

Air System = Space Heating and.
SerVIce Hot Water^ting

Water System - Space fleeting
. and Service Hot Wate,Heeting

Ps?

,
.

:4
4

Air.and Water Systems '- Service .

11!

, lipt Water Heating

O

it

. , A

4-5

4-6

4-7

4

- .7:f

1

.2

3.
4,

5-
6

0.02922
0.02953
'0.03847
'0.02904 1
0.03202
0.03871

4'

"1 0.04376
2 " 0.04249:, 0.04425
4., ". 0.04416
5 -; 0.03910 .

6 ` 0.04896
.7 0.04222 .

Tab1e.4-3. Solar Collecior Data
.

1

. Col 1 ec4r Number ,Tape`
0

FRTa FRUL

"-Manufacturer B tu/hr.-ft
<,

1 .

4

6

Water
Water
Weer
Water

4
.

Water
Air

. -,.. ..

NASA/flopeytyell. -!,70 ,53 . .

NMA/MSFC ' .,53 .g
NASA /Honeywell . * .80 141P 1.17,
NASA /Honeywell '; .74 .55 .-

Myl a r .liontycomb ...- "
NASA/Oneywell- ' ..11 III
PPG :,. -2. ,r, , - , 1-: .62 ,94- ,
Solaron . '4:52 - ..52

, Assumed , F' /FR for all water' dollectors14
1.00 for air collector:s (,q heat exchanger).

. Where.- P/F is thelieet.exchanger factor.., . -R R .. .., factor
'..

......., 5 .° Pkt1;.-;,thecoll-ectorle'ffitiency -factor
_ , F.-- is the collector heat, removal -factor
. ,

R ,

t). is the .d:011eCtOr overall ,los
-

:rq thb ceileCjicir;-traosalj ttanc,e-.(lbsortiakce- product
n.

-,

,..1y

:;_ ,t

.4.

4"

,

ne
4

A

'4
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4 0

4,B

Tibia 4-4.. Ca .lector Parameterti

1

Manufacturer

>/r1.1'
R L

F Ta ---
R . (Btufft2h9F)

,_
.._ -------

-. 'Owens-Ft:4 inois Liquili---- .447! 44 .206

Interfechdo1ogy tiqu,id ,.650 .610

GE -- ---- Liquid

"LeRC Liquid
..

Rocky Mountain Liquid

.7? ".

Southwest Std. -: Liquid ,

.-Sunworks
,

Liquid
. i

Trantor , ,
, Liquid

Miromit y Liquid

BeaSleY- :Liquid,

Soltex

,-

, 'Liquid '.
,

ReVere LiqUid
. ,

-Barber
.1k

1 'Liquid
.

. , 4
SOlar Products Liquid

.
.639, .614 T

.745 .82?i
.

:679
.

..789-.:',

, 672 9.794

,
'

, .789...650

. .700 :85*

-:124 y. , .947 .

ti

- .600 - .759
_.

...

.: .600r
, ,

759
4 .

v.7x.71`6
. ,

, .

;46'4

.
. '.816 '1 :.204 .

.600: T 1.057.

,
4 .. y

, Taken from grapt.ikal presentation ill "Compar son. of`.Flat,-Piete C.ollector.
...

Perfornmice Obtained under ContVollddl;Onditi s,in a,$9.1,a" Simulator,"' 5:
'by S :41:- Johnson and -,F. F. Simon Le 13.eSe rch,Cen'ter, tIA$A.,...ClevIlandi'
Ohio. "0 % _. ,

z.

ized apftoximation of the effici§ncy;curte.

I

,
.,.. .

.1

.,

'

.

IV ,

0.11.10.00.
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414

a horizontal surface from Figure 3-1: We seethai this is approximately

201 ly/day for the region hear DenverAclorado. This figure is con-
_

merted to Btu/ft2-day by multiplying by 3.69. 'Thus,

C.

(201
Btlift2

day/
(3:69 )

_ -

=0742 Btu/ft2-day:

.
The factqr, R, for converting this to the tilted surface may be determined

.

from Figure 3 -.35 using 0.55 for KT, as determined by the average ratio

between 1Ho and H, where IT may be determined from Table,3.2. The
P

latitude is approximately 40°N. We obtain

I- Ls= 1326 Btqft2-day
t ,

,

and

KT = 742/1326

rs -6
Thep,-

=1.89

lit ba

and finally

FIT 7 (1.89)(M

=-1-402,BtUrft2Ady

"\--Then, from Figure-4-6, assumfrig we wish, to use a water ,system with'.

. 0 ...

collector number 6, We obtain
v.-

T-
1.75

,.. L
1.

r

4

as the valuerequireci to supply,ipproximatefy three-fourths of the

heating requrements.,Whe requiredColledtor size is therefore.

00'

. , .

1
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4 =10.

A =
(1.75)(2.168 x 10

6
Btu) .

. (1402 Btu )(31. days)

ft -day

= 1094 ft
2

.

The curves in Figures 4-5 and 4-6 'were'developed for the case of

collector slope equal to the local latitude, a house heating .'
.

e

requirement of 15,0001tu/DD and a:daily hot, water usage of 80" gallons/day.

,

* Tests were performed to determine the relfability of the curves for design

at,

conditions which deviate from those that were assumed. The'house

heating requirement was varied between 10,000 and 30,000 Btu/DD and the

collector slope was varied between local latitude-150 and local

latitude+15° for the case'of space, and service hot Water heating. Very .

.

.littldOthange between'respecti,Ve standard deviations for the test cases
,

and those given ,in Table. 4-2 occurred. Therefore, the curves may be

O

A

considered to b us

Btu /DD and collector

Fu1 for.desigp conditions between lcuoc and 30,000

slopes,. tWeen -local latitude -l5° and ,local

b ,

lati tude+15 .

. .
-A similar test was'ayso perfo ed for the case of service hot water

. .

heatiig dnly. The constrtints of thisiteit were that the hot water
. . .

N . '

usage,was etween:50 and 1200 gallgtis/day and the collector islope varied

."-. between fatitUde-15° and latitude-05°. Again, little change was ,found'' l'
. : e

between-the standard deviations obtained for this test and the standard :.

deviatidns-given,in herefore, Figtire-4-7 may be 'used to
4S

.

.estiinate collectdr sizing re uirements for Service hOt water-systems

for any location, "Joad,and Coll

lat) tude+15 . . .1°

S. .

.1

ctor tilt betWeeti*latitude and
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',, 4 4,

Separate design curyes were found tcl be required for the case -of

i
01-lectpri.slope

ft
equal to 90c, 0 The procedure discussed for the

levelopment of°Figures A-b.-through was 'again employed for the
k. 4

,. II '

- --:4 . ,
. - : *

development of the design curves fbr tiiis%particular case. 'The resulting
J'

-1 .
1*

o
,curvesf6r the.caskof collector slope equal to 90 are given in Figures

4 IV
" .' .

'
4-8 through 4-10. The resulting,stAndard deviationsaee given in Table

.

4 -6."

Tests similar to those perforMed for the previous curves, :

.
. .

tests to determine their vsefulne'ss for design conditions that differ

from those assumed daring thedeel. ment of the curves,- were also
,

perf.ormed for thease of, collector s ope equal to 90°. Again, little

change ,was- seen between f'he standard deviations obtained'during these,
*0.

tests ai those outlined in Table 4 -6. Therefore, Figures 4-8 and.4-9 01

'are available for. use when the house heating requirements vary

%
-between 10,000 and 30,000_ Btu /DD for a collector tilted at 90, and

. . .

Figure%4-10-ii#av :.le fprisuse when the daily'hot water usage Avaries
*

between 50 and 20 gallons/dAy for a 90
o
collector'slope; ,

4.'..

It should-be emphasjied that thp method should be used for i

' preliminary design purposes -only and that'more accurate results would
.

.
t ,

,-, ,

:
-..*

ordinarily be.obtained by conducting a ffionthlY'analysiss desdribed

_ .4r ,

,in Module 7.. In addition, theseresults are limited to solar systems
. . . .

ft 6

that are represented by the configurations shown in Figures 4-4 drough

'4-4..

r-
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.

s

Ta b e 4-,6. S'tandard. Deviations' for Design Curves of"414-004

Figures 4-p Through. 4-40,"Vope = 90°

Case Oescr)ption Figure' . NO. Std. Dev.

,

.54

Sys'tem - Space Heating and 4-8 \ 0.03331
vice:H(4 Water Heating

* Water SFstem Space Hefting
, and Service:Hot Water Heati'ng

A .
, ,,'
, , ., ,

Air/4.nd Water System -ServiCe
Hot Water' Heating .

dtp.

..,.... _ 0,,

-B. BALCOMB-HEDS,TROM METHOD

'2

4.
2,

'3
: 4

5

6

, ",,

1 0:03138
0.03093'
0.03318
01 03147

0.03168
0.03164

x
4-10 "1 1

I. 2

3

4.. ...
,

5

6'
,.

0. 525

0.0 21 4

0.044'

0',04,579
,

03655
0. 3617

7---- D,03388

9- se,objective of ihis*method is ,to 'enable the designer 'to estimate
. ,

. the collector area required' to supply; an arpu41- fraction f. the load

dgibai to 0.25, 0.50 or 0:75. ',,Thle metha requiies 'Monthly average -'
9 . ,rne" -

i: r a d t a t i- o n data and\monthly ayerage degrees nformation'. .p,.
A

. , . . I a
'

, "The,fclevel opment df this procedure vtps basest on a "s,tandard" 1..iqu,isd

5_,

. ,

- co'llecto r' and. a 's tanda re a':i r, col 1 ector. Ttle, two "!'4,4ad4rd " systems--I ,,
usedby.the authors are presented iti-Iables 4.-1 and 4 -8'. The

, a e
,

,

were found to De so close for' each §ystem that the estibatiqn method
,

Iva§ assumed to be the, 'sane for' both 'system types .
. . . t . '.

C aJ
2 , I..tk. 0

.. ., .,

J. D.< Ba,lco and J. C. -Hedstyom, "A Silvio-fled Method' fo Calculating --'
* Required Solar ColleCtorArroy'Siit 'for Space Heating," Sharing the Sun

olar Enei-gy 'Conference, Winnipeg, Canada, Augu-st 1976. .' '-,

,

"4'

v.

.

.
.

9
114

416

0

o

.

no 411
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\

-Cable 4-7. Standard°Liquid-'System Parameters for Balcomb,-i-fecistrom Procedure

Values of p raineters used for the ,"standard.", s'olar heating system using
liquid-coo ed solar. collectors% a heat eiCh.angef., water tan* thermal ,

storage and a' fotced air, heat distribution system to the building.
The val es are normalized ,to one. square foot of collector (f.q).

Solar Collectors
. .

Number oiglazings 1 ,.

.,
- .

. Glass transmissivity 0.86 (6% absorption
, (at normal incidence) - 8%. reflection)

. , Surface absorptance (solar)' .0.98 ,

. Surface emittance (IR) 089
Back-insulation U-value , 0.083 .. BTU/hr-,,°r-ft22
Coolan ow rate . 40

..
BTUnr-`!F-ft

, Heat a .ty .
. B10/"F-ft2

.137U/°F-ft2'. -Heat transf r coefficient
to liquid coolant

Tilt (from horizontal).,
Orientation

C011ector..glufnbing

. Heat foss coefficient
(to ambient)

at Exchan er'"

Heat transfer effectiveness
Ttier .1 Stora e ,

at .capacity
He t gross 'Coefficient.

( assuming 111N heat
°113ss is. to heated space)

Heat Distribution Sstem °
;Design. air distribution . . 120°P ,

. temperature*,

;30
-

*Latitude -1-,j,0 degrees
Due south-.'t

0.04

TO

Conttos

Bili/hr-°Frft2'
,

BIU./°F4t-ft2c

.
BTU/,,oF-ft

2
2

BTUrf-hr-ftc
a

8

-,Buj 1-d i ng Inatotatnect it 68PP"
r

f
P.
. Collectors on when advantageous

.
ii,

, \ i .

. ' ,
*The coil and .air circulation- are sized to meet the building lOad with an
outside temperature \of ,:-2° with 13eF Water and airflow' rate adequate
to make up the spice heat. losses at an air. discharge. Pmperature-bf, ..

. '', 1204P. ThIg'dorrespOds td a firined-tybe toll effeetiyepesg', of
.80 percent. . - ;.. .°-. I .' .. .

:
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Table 4-8. Standard Air System Parameters for Be(comb-Hedstrom Procedure

,

4 e

, .. .

Values of param@ters used for the "standard" solap 'heating system using ;
air heating col lectors,. a rock 'bed thermal storage,t%and :a forced 'air '.'''

heat .distribution to the building. Values- are normalized to one square '

foot of collector (ft );
0

.

.

c-
.

Solar Col ctdrs

Numb r of glazings
G1 as "tinsmi ssi vity

(a normal incidence)
Gla s absorptance
Gia emittance
Back - insulation "U-val ue

Heat capacity
Air'Ylow rate
Heat transfer coefficient to air
Tilt

Orientation

Collector Air Ducts

Heat loss coefficient
tto alient)

Thermal Storage

Heat capacity
Heat .1 oss coefficient ,

(i.e. ;' assum4ng all heit fOss
.,, is ,to hated space)

Dimensionless rock-bed twat
transfer length*

Heat Distribution System

Airflow rate

Controls .

Building.maintoined at 68
o
F.

011ectors on when advantageous

4,

1

0.86

0.98
-'0.89
0:08: , BTU/hr-° ft2

f0.5 -, '81U/°-ft
c

a . CFM/ft c, 9

4 BTU/hrt0E-ft'
'1 -L'atitudei÷ 10 degrees

c

, Due South

.,(6% absorption,
,W; reflec

a
0.1 BTU/hr-

o
F.:ft

c

'BTU/ F-ft,
2

9
F- hr -ftc

0

CFM/f tc2

D
.

. i
. .

*The rock -bed, length (distarice- in"the direction of, flow)

' 6_ times. the relaxatioo lengal for heat transfer (.15 was
'* model )e, Physically this me.ans, that the'bed is at least

as t e.. rockOamete It is important to note Oat. the-
reversed- in the ro k bed ;-,being in one ,direction during.

-period and in the
.

Rbosite'directfon during discharging.

. - . -
. . .

O

;
I .7

c.

. .186

. .

O

is greater than
used-in the
12 times as 19ng'
flow direction is
the, charging ,
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A table of 85 :locations, throughobt
o? 0
the'Unjted States and Canada'

listing three values for a parameter called LC was developed and is

included here as 'Table Each .value of LC corresponds to' an annual

fraction of the load supplied by the ,sar systeril for each.location. '

The corresponding f's are for. values of '0.25, MO and 0.75.

:- If the location' in question is one of the 85 given Locations, then

"t the TroCedure to determine' the' eequired area for valuei of f ='4.25,

0.50 and 0.75 is an easy, two-step procedure, First, the user calculates
4

the house heating requirement, QDES,. The second step is to . _

determine _the required collWor area` corresponding to one of the three'

available 'Values of This is 'evaluated by dividing the QDES obtained
C

bove by the.value of LC for the particular f desired.

For example, if QDES = 15,000 Btu/DD and 75% of the respired load

is to be su4lied by thg solar system in Brand Junction, Colorado, then

the 'Tequieecrarea is

.

QDES/LC
0.75

= 15,000/22 680 square feet.
PP

To determine the required area for a location 'not given in Table 4-9;

an iterative procedure is necessary: T4 procedure iS beg%4py calculat-

ing. QDES and selecting a site from the tab14 of 85 location$ climatically

sirrii lar to the regir under-analysis.. An approximate collector area can
0 .

,Itheri be determined by the'procedure above. , The degree-days .and solar ..

,

insolation. on ehorizontal surface for each month plust be determined for

the mew, lkation. . The solar insolation on the tilted surface is then

calculated. Calculation of the_'solar load ratio,, SLR, is alSo required

to refine the. approximated area. The value of SLR is used to obtain the
4 * '

annual sOlarheating fraction The res10,i)obtained for:the annual'solar 4
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Table 4 -9.' Value's of LC for 85 Selected 'Cities

City, State

/Los Alamos, NM

2 Corval 1 i's, OR '

Columbus, OH ,.

Davis,. CA .

East Lansing, MI
East Wareham, MA
El Cenfro, CA
Flaming Gorge, UT
Granby, CO
Toronto, Canada
Griffin, GA
Winnipeg, Canada
Ithada, NY
InYokern, CA
ANL,- ,Lemont* IL

Newport, RI w
Laramie, WY
Page,. AZ.

Prosser, WA
Pullman, WA
Put-In-Bay, OH
Richland, WA
Raleigh, NC 1,
Riverside, CA
Seattle, WA
$ayville", NY
Schenectady, NY
Seabrook, NY
Shreveport,. LA
State College, PA
Stillwater, OK ,

Tallahassee, FL ',
Tucson, AZ
Oak -Ridge, .TN

Fort Worth, Tx
Lake Charles, LA .

Ap4laCt.icola-;, FL `

Brohnsv.i4le; TX,

San Antonio , TX

Ghensboro, NC
Hatteras, -NC

Atlanta'; GA
Cfmrleston SC-

Latitude
oN

36

40;

45
39

43
42
33

41

40
44
33

50
42

36

42

41

37

46
4,7

42

47
36

34..

48

BtU/degree-day-ft2c
where solar *vides
25 %,50 %, 75% of total

'Elevation Degrite ,heat

Days 25% '50% 75%

07200 6600 107 : 41 21

760 '5211 77 29 '13
_236 4726 120 42 18
50 2502 198 72 33

878 6909 76 - 28 13
50 5891- 97 '37 18
12 1458 547 206 97

.6273 6929 111 43. 21

8340 5524 119 47° 23
443 6827 72 27 11--

1001- 2136 217 84 -42.

.820 10629 63 23 11

951 6914 68 , 24 11

-. --2185 3528 232 88 .42
750' 6155 79 30 14

. .ip '5.0 5804 97 37 .. 18
7240 7381 106 42 21,

'4280 6632 128 48 23
840 4805 '117 41 18

2583 5542. 100 36' 16
580 5796'. 68 24 11

731 . 5941' .100 .' , 35 15
440 3393 133 52 25
1050 , 11303 391 .,, 152 74
v110 4785 94 7 33 -13.

41 , 56 4811 98 38 18
490 6650 . 63 . 24 . .. 11_

;110 4812 0- 37 18
220 2184. 179,

.

'Jo -,35
1230 -- 5934 78 29 14
910 3725 132 ;I * 52 25.

64 .' 1485 283 113 57
2440 .1800 301 . 118 , 59
940 3817 111 42 20

39

32

41

, -36

30
32

'36'

33

'30.

. 30-

26

30

36
,.35'

34

33

574 :2405 )86 73
6`0 1459 244 . 96
46 , 1.308 324 129

600 '51.7 ' 218.,

81.8 1546 262 . 103
9T4',. 31305 128 50
27 2512 204 Q79

1918 2361- 154 59
69 2033 210 --, 82

37

48

65

110
52

24

39 ,

29

41
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Table (continued),

O

City, State
Latitude El ev

°N
on-

' '
LO,Btuidegree-day7ft2
where solar provides'

' 25%, 50%; 75% .of total
Degre heat -
Days 25% 50% 75%

Nashville, TN . 36 _ 614 3578 117. 44 21

Lake Charles , LA 30 39 1459 261. 104 53

Little Rock, AR 35 276 3219 '126 48 24
Oklahoma City, OK 35 1317 1725., 134 53. 26

Col umbi a , MO 39 814 5046. 102 38 18

Dodge City, KA 38 2625, 4986 1'26 .49 . 24

Caribou, ME 47 640 --. .Q767 68. 26. 12

Burl ington, VT 44 185 8269_` 63 24 11

'Blue Hill, MA 42 670 6368 82 31 -15
Cleveland,, ON 1, 41' 871 6351 71 26' *12
Madison, WI 43 889 7863 76 . 28 '13
Sault Ste: Marie, MI 46 724 9048 .74 27 12

Saint Cloud, MN 46 1062 8879 71 27 13

Lincoln,' NE 41 1316 5864 104 39 'r'19

Midland, TX 32 2885 2591' '202. *79 39

El. Paso, TX 32 3954 2700 228 88 44
Al buquerque, ptti

Grand Junction, CO
35 e

''39

5327

4832
4348 1 61 r 64..

5641 119

31

Ely; ,NV 39. 6279' . 7733 ;119

Las Vegas, NV 36 . '2188 709 218 84 . 42

Phoenix,- AZ . 33 1139 ' 1765 300 118 ' 59

39 4400 6832 125 47 "*. 22 I"'NV'

Santa Maria, CA 35 289 2967 353. 142 67

Bismarck, ND A- 47 1677 8851, 78 29 14

Lander, 43 5574 7870 108 42 21

G`lasgdw, MT.
--

4& - 2109 2996 105' e. 41 20
Rapid City,'. SD!' 44 31 80 7345 97 ... 37 -: '.18
Sal t Lake City, UT: ;41 4238 6052 107 , 4Q 49
Boi sd, ID 44, 2895' 5809 108 39 17
Great Fall's, 47 3692 7750 93 35 . 16

Spokane ,''WA.,'' , 48 2356 6655 - 90' 31 14

Medford, UP s`'
.

'42 1321. 5008 107 38 16
Los Angel es, CA 34 540: 2061 416 .157 75

'Frespo 37 .336' 2492 195, 70 ,32
,x/:

Silver Fill, MD 39 292. 4224 ..113 "'' 43 21

Cape .Hatteras , NC ' 35 27 0 .4612 , 189 74 36

Sterling, VA : '39 276 4224 111 43 21'

:indianapol is, IN 40 . 8]91 . 5699 86 32 15 to
Astoria , OR 46 x22 5186 127 4.5 19 .

..Boston,liA 42 151 5624 86 33 16

New York--; NY '41- 18.7, 4871 88 34 16' A

North Omaha, NE 41 1323 6612 89 (34 16

189
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heating fraction should then, confirm the fraction

assumed jnitially. If the, agreement isynot satisfac,

r
f annual heat'loid

ry, then the

collector area should be adjusted'and the last two steps repeated.

An example.follows for Terre,Haute,-Indiana, which is not listed

among`the 85 given locations. A "standard" system has been assumed and

is expected to 4upply 75% of the required load. What collector area

should be used? 'Assume QDES = 15,000 Btu/DD.

41
EXAMPLE 1

4*
.

'Step 1 QDES assumed ito be 15,000 Btu/DD

Step 2 rJsing Indianapolis, Inclipa, as a location climatically
t44

similar'tp that of 'Terre Haute, the estimated aria is

QDES/LC = 15,000/15'1= 1000 square feet

Step 3 Degree-days and solarridiatio on a horizontal surface

2
for each month cBtu/FT_ )

'Table 4=10. Monthly'Degree-Days and Solar Radiation on a Horizontal
Surface-forIndianapolis, Indiana

MONTH

'Jan

Feb

Mar
f

Apr-

May

*Tien

I.

DD H MONTH DD

1113 16:312 Jul 0 63,225

949 -, 22,327 , Aug*E 0 56,795_,

809 36,707 Sep 90 45;399

432 44,436 ., Oct T16 33,926

-.177 56,668 Nov '723 19,872 O

.4 61,260 Dec 1051 15,224

OA.

Step 4 Solar.radiation op the tilted collector (assumed by Balco b

and Hedsirom to be tiltecrat latitude +100)

190
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Total radiation on
..

. , -

1.025 Y - 8200 ,.... ., .

Collector Surface

, Where -Y -= total monthly reiatipn on horizontal surface
-.cos (latitude -solar declination (at midmOnthn,

01.3/4 : °'
and whdre .

.

Solar declination
. 23.45 cos (30M - 187)`

at quidmonth .

.

and M = MOnthrnumber,` i ,- January" = Dcem ber = 12 _

1

6

-N.

Jable 4-11. Monthly Solar Insolation on a Titted SUrfaCe
Indiana, by the:,-Balcomb.-Hedstrom Procedure'

A

-Jan

Feb,'

Mar 4'

May

Jun
A

MONTH t H,

26,,-104 Jul

29,548

.42,549 Sep'

44,366 - -.

'53;893

52,040

-MONTH",

-', 60,090

Aug' o -56 726, ,

.50;788

Oct- .45,564

.Nov 31,475

Dec 26,290
-c*

Step 5 Determine ,SOlar Load Rttio (SILO' for each moat
1

[collector-area] x [H-r]i
SLR. = 1, 2,

WES, xDD.i"

Table 4-12. Monthly Solar 1.4ad Ratios for Boulder, Colorado
A ,

1

MONTH SLR . motiiNi, . SLR ,

Jan . '1.56° Jul' , 77 -,

Feb Z.08 Aug --
Mar 3.51 Sep 37.62

:Apr 6.85
--

Oct . 9.61

-- May 20.30 Nov' -2:90

Jun '88.96 %Dec' 1.67,
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Step 6 Determine the Annua *Solar Heating FractiOn. (ASHF)
$

1.2

OD).(X)

ASHF
month=1

12
1 (DD)

VP 86 month=1

where
. .

,

Oa. ,
it

= T.406 -;1.366" exp(-0.55 SLR) t$0.'306 exp( -1 :05 SLR)

(FOR SLR 5.66) and

X.= t.0'

(FOR SLR >:5.66)!

if

. ,

)

frt

a N.

4

:Tabe 4L13. Monthlyq-Factor for Determintng Annual olar ating Fraction
for IticombAds m'Procedure

'MONTH

Jan
,-

Feb
L

Mar
,

Apr.

May"'

X ...A, 'AbNTH X 1 -

. ,, .

0.54 7 Jul ,-1:0O

0.66 Aug ,.. 4 .100
4 0.87 Sep *1.00.-

1.0Q Oct 1.00
1.00 - Nov t 0.80

.?

.. :Jun . , 1..00 (if' Dec 0.57

. .-

..
'-.

, - - . -
..-

er

4ti

4

. %
,

4 I

. ,

-Then from the above equation we .obtain- "Ilk

;ASHF = 4152/5699'= 0.73 , b, . \
1

.
. . .

, . , ,
f e

The restkting annual solar heating frkettion therefore inditates. . . i J a\ . .
t f

V V

that a larger area should now be tested so .that the annual fraction of. :'.

the loa4 supplied by solar is closer -tor The-test was hot carr'idd'""4
.

"out any further. The procedure outlined in'Steg 1 through- 6 reqUired

..approximately- one hour.
O

r

;N,\

, 1'4
7777.7

i
11C . "

. ' 13'1 r ;
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. DESIGN GUIDELINES
t

.

43 . :,

.
We have seen. that the primary information required for a quick,

1 ,
, i

approximate design of a, solar system is tile mea1n daily solar insolation
.

i .
.

and the average tmbient temperature or the average degree days for the 4'

given location. By kn'Owing the degree days far the location,,or the

average ambient temperature, and by kilowing the design heat_load for the

structure, the average heat load may be readily determined. The percent-
,

.
age of this hebtloadthat may be supplied by a solar system is approxi-.

. .

"A mated by knowing the mean daily solar insolation on a hdrizontal surface

"

. at the selected location. The mean solar Insolation on the hdrizontal.

09
surface is converted to mean radiation on a tilted surface by means of

approximate rules or chartl. The collector may then be sized by one of

the methods just presented.

Once the sizeef.the collector array has/been determined, the storage

volume may be established by assuming. ne-harf cubic foot of macs per g

square foot of collector for air syStems with pebble-bed storage or by

4 assum, ing 1.5.gallons of water per square foot of collector for water

systems.. The flow rates of transportImedia through the collectors may
.

be assumed to be 2 CFM per square foot of collector for air Systems and

about 0.025 gallons per Minute per sq6re foot of Collector for water

; systems. Additional Components such as pumps,,blowers, and heat

exchangers may .then be sized from the above flow rate information. These

' components will%be.discussed irtmore detail .in MOdule 16.

Economic analyses are'conducted after, the preliminary sizing studies

'are performed. The system costs may be estimated on the basis of the''

prelimihary sizing cOcUlatioVas. These system costs are thea used in

193
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economic analyses in order to-provide the client with enough infbmation

that deci sions regarding that design ba9 be made. Thereare available a

number of algorithms for performing econoMiC`investigations. 'The details

are discussed in Module 8,
.Or

The design procedure described above is illustrated in Figures 4-)1

and 4-12, and ieutlined below 'fn more specific term3r

STEP BY STEP. DESIGN PROCEDURE

1.. Determine the design heat load for the building inBtu/DD. /

(British Th&rmal Units per degree day).

2. Determine the number of heating degree days for the given/

location:

3. Multiply the heat load determined by Step 1 by the degree days

determined in Step 2 to determine the heating load for the building.

c
"$

4; Determine the monthly average solar rad4,ation olive horizontal,

surface, IT, at the given location.
N

5. Convert the monthly average radiatiom on a horizontal; surface

to-monthly average radiation on the desired tilted surface to obtain ITT.

6. Estimate the required cellectorarea by one of the methods

presented above.
. 1

1

7. 'Determine storage size (gallon's) for water systems by

multiplying the collector size (ft
2
) by 1.5 gallons /ft2. For air 'systems

5

using pebble storage multiply the collector size by 0.5 ft3
. 1LockVArqi

,

. .
i .

collector.-
.. e

.

.

8, Size pumps 731" blowert from the requjrements,that0formate
. ,

systems, the collect& flow- ratethoUld be e6opt 0:025 gailois per mint'
;

. A '

ti
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DETERMINE BUILDING

HEAT REQUIREMENTS

BTU/DD

/

t a

'

DETERMINE THE

NUMBER OF DEGREE DAYS (DD)

FROM

TABLE, 4 -5 AND FIGURE 4-13

DETERMINE JANUARY

HEATING LOAD (BTU)

f

'DETERMINE JANUARY

RADIATION ON A.HORIZONTAL

SURFACE (BTU/rT2) FROM

TABLE 3-1

DETERMINE H "(BTU/FT 1

'FROM THE METHODS IN

MODULE 3.

DETERMINE HTA /L FROM

FIGURES 4-6 THROUGH 4-10

DETERMINE REQUIRED

AREA

DETERMINE

STORAGE SIZE

SIZE PUMPS.

(1) BLOWERS,

0
' _Figure 4-11, Huck-Winn Design Procedure

195
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CALCULATE BUILDING

HEATWEQUIREMENTS, BTU/DD

CALCULATE REQUIRED

COLLECTOR AREA

FROM A =

A

IS THE

LOCATION LISTED

IN TABLE

4-9?

`DETERMINE MONTHLY

DEGREE DAYSFOR

SIMILAR LOCATION

DETERMINE RADIATION

ON THE TILTED SURFACE

CALCULATE THE

SOLARLOAD RATIO, SLR

CALCULATE THE ANNUAL

SOLAR HEATING FRACTION,

ASHF 7

CHANGE

COLLECTOR

AREA

. *DOES
ASAF =:0,75?

'(OF .25 OR .50)
AS DESIRED

)

Figure4-12: BalcoutHedstrom-Design Procedur'e

4

BUILD IT

4
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per square foot of collect'or,and for air systems,the collecto flow rate

should be about 2 CFM per square f ot.of'colleCtor.

DESIGN DATA

TEMPERATURE DATA b

Figure's 4-13 through 4 -24 present deg ee-day information for\the

...

United States. These figures represent the average total'heating egree
,

1

days by month for the entire year. These we ,e taken from the Cbmatic
.

.

V

Atlas for the United States published by the :S. Department of Commerce.

By knowing the design heat load*for a building ne can approximate the

total heat load for each month of the year from these t.entour maps. For

example, consider a houe to be located in.Bould r, Colorado:' Suppose \

the design heat load As deterMined,to be' 57,000 Btu/hr. First, we must\

convert this to Btu per degree day. This is accomplished by tAe following

calculation. The design.temperature for Boulder is 8°F, as determined.-

from the ASHRAE Handbook of Fundamentals. Therefore, the house beat load

in BtueDD,is

(57,000 Btu/hr).(24 hr/day)
57 DD/day

4,000BIu/DD

From the contour map for January (Figure 4-13) one can see that Boulder

has approgfmately 1299 .degree days for the month of January.. Consequently,'

the January heat load would be 24;000 Btu per degree du times 1200 degree'

.:days or 28.8 million Btu for the month Of January,

Table 4-5 presents monthly,arid total annual degreety/infoi-matAn

for selected locations throughout the United States.. This table may be

s -

:197 .
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used in place of the contour maps when the desired location isincluded

in the table.

SOLAR DATA

The sdlar insolation dat(were presented in Module 3. Figures

. r
through 3-12 present the mean daily solar radiation on a hOrizontal surface

for each month for/the United States. From Figure 3 -1, for example, we

see that the January insolation for Boulder (40° N latitude) is approxi-

mately 200 Langleys or 738 Btu per square foot per day. This informa-

tion must be converted to the radiation on a tilted surface in order to

estimate the amount of heat that a collector array will collect at a.,

.#
given tilt angle. This it accomplished by referr;ng to Tables 3-5 and

*3-6 which give the conversion factors for determining radiation on tilted

surfaces. KT for; Boulder is approximately 0.55. By interpolating,

between these two tables, assuming 'the tilt it equal to the latitude,

we obtain 1.78: Therefore the average daily radiation on the tilted

surface for Janpa'ry in Boulder is 1a14 Btu/ft?.

f

168-
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Table 4-5. Heating Load Data*

NORMAL TOTAL HEATING DEGREE DAYS (Base 65°) Design T
o

STATE AND STATION JULY AUG SEPT OCT NOV ,DEC JAN FEB MAR APR MAY JUNE ANNUAL WIN.f : SUMMIT

. .

ALA: Birmingham 0 0 6 93 363 555 592 462# 63 108 9 0 2551 19 97

Huntsville 0 0 12( 127 426 663 694 5 434 138 19 0 3070 13. 97

Mobile 0 0 0 22 .213 357 415 300 41 42 0 0 1560 26 95

Montgomery 0 0 0 68 330 527 543 417 1116' '90 0 0 2291 22 98

ALASKA: Anchorage 245 291 516 930 1284 1572 1631 1316 1293 879 592 315 1084 -25 73

Annette . 242 2,O8 327 567 738 899 949 837 843 648 490 321 7069

Barrow '803 840 1035 1500 1971 2362 2517 2332 2468 1944 1445 957 20174 -45 -58

oBarter Is. 735 '775 ,987 1482 1944 2337 2536 2369 2477 1923 1373 924 19862

Bethel' 319 394612 1042 1434 1866 1903 1590 1655 1173 806 402 13196

Cold'Bay 474. 425 525 772 918 1122 1153 1036 1122 951 791 591 9880

Cordova 366 391 522 781 1017 1221 1299 1086 1113 864 660 444' 9764

Fairbanks_ 171 332 642 1203 1833 2254 2359 1901 1739 1068 555 222 14279 -53 82

Juneau 301 338 483 725 921-1135 1237 1070 1073 810 601 381: 9075 - 7 75

King Salmon' 313 322 513 908 1290 1606 .600 1333 1411 966 673 408 1'1343 ^

Kotzebue 381 446 723 1249 1728 2127 2192 1932 20861554 1057 636 16105

McGrath 268 338 633 1184 1791 2232 2294 1817 1758 1122 648 2 8 14283

Nome 481 496 693 1094 1455.1820820 1879 1666 1770 1314 930 5 3 _14171 -32 66

Saint Paul 605 539 612 862 963 1197 1228 1168 1265 1098 '936 7 6 11199

ShemyA 577 475 501 784 876 1042 1045 958 1011 885 837 96 9687'

Yakutat 338 347 474 71E. 936 1144 1169 1019 1042 840 632 435 9092 .

IZ: Flagstaff 46 68, 2Q1 558 867 1073 1169 991 911 651 437 180 7152 0 84

hoenix

escott

0

0

0

0

0

27

22

245

234

579

418

797

474

'865
328

711

217

605

75 0,

360 158/

0

15.

1765

4362

31

15

,108

96

T son 0 0 0 25 231 406 471 344 242 75 6 0 1800 29 105

Wi low 0 0 6 245 711 1008 1054 770 601 291 96 0 4782- 9 97

Yum 0 -0 0 0 148 319 363 228 r130 29 0 0 1217 37 111

ARK: F t.Sm4th 0 0 . 121127, 450 704 781 596 456 144 0 3292 16 101

Littl kick 0 0 S 9 127' 465 716 756 577 434 126- 9 0 3219 19 . 99

Texark na ,--- 0 0 0 78 345, 561 626 468 350.'105 0 0 2533 22 .99

CALIF: Ba ersfield 0 0 . 0 -37 282 ,502 546 364 267 105 19 0 2122 31 103

Bishop" - , 0 0 42 2,48 576 797 874 666 539 306 1434 36 4227

Blue Can on. 34 50 120, 347 579 766 865' 781 791 -582 397 195 5507

Burbank '0 0 6 43 177 301 366 277.239 138 81. 18 1646 36- 97
- . .

I

*From Climatic Atlas o ,t e Um ta . a es .S. Department of ommerce Env. c . Serv. Adm. June 1968
tFrom Table 11, Chapter 33,.ASHRAE Handbook of Fybdamentals 1972 (99% of time warmer"than'this temperatute)

RFrom Tab10 10 Chapter 33, ASHRAE,Handbook of Fundamentals 1972 (1% of ime dry-bulb teflperature is greater)

'22-9 . 230,
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NORMAL TOTAL HEATING ,DEGREE DAYS (Base 65°) ,, Design To
o
F

STATE AND STATION JULY

--

AUG SEPT OCT . NOV DEC JAN FEB MAR APR MAY JUNE ANNUAL WIN. SUMM.
,

CALIF: Eureka 270

.

257 258

.

329 414
.

499 546 470 505
.

438 372 285 4643 32

.

67
Fresno 0 0 0 78 339 558 586 406 319 150 56 0 2492 28 101
Long Beach 0 , 0 12 40 156 288 375 297 267 168 90 18 1711 36 87
Los'Angeles 28 . 22 42 78 180 291 3,72 302 288 219 158 81 2061 42 94
Mt. Shalta' , 25 34 123 406 696 902 90. 784 738 525 347 159 5722
Oakland 53 50 45 127 309 481 527: 400 353 255 -180 90 35 85
Poi nt Arguello 202 '186 162 205 291, 400 474 '392 403 339 298 243

4,2870
3595

Red B1 uff 0' 0 0 -53 318 555 605 428 341 168 47 0 2516 .

Sacramento ; 0 0 12 81 363 577 6 4 442 -360 216 102 6 2773 30 . 100
Sandberg 0' ,0 . 30 202 480 691 7 6 661 620 426 264 57 4209 .

San Diego 6 0 15 37 123 251 3 3: 249 202 123 84 36 1439 42 86 ,
San Francisco 81 78 ,' 60 143 306 .462 508 395. 363 279 214 126 3015 42 80
Santa Catalina 16 0 9 50 165 279 353 308 326 249 192 ,105 2052
Santa Maria 99 93 96 146 270 391 459 370 363 282. 233 165 2967 32 85.

COLO: Alamosa 65 -99 279 639 1065 1420 1476 '1162.1020 696 440 8529 -17 84
Col orado Springs 9 25 _ 132 --1456 825 1032. 1123: 938 893 5'8Z 319

..168

84 6423 = 1 90
Denver 6 9 X17 428 819 1035 1132 938 887. 558 288 66 6283 - 2 92
Grand Junction 0 0 30 313 786 1113 1209 907 729 387 146 21 5641 8 96
Pueblo . 0 '0 54 326 750 986 1085 87.1 772 429 174 - 15 5462 - 5 96

CONN.: Bridgeport 0 0 56 307 615 986 1079 .. 966 853 510 208 27 5617 4 90
`Hartford 0 6 99 372 711 1119 1209'1061 899 495 177 24 6172 1 90
New Haven 0 12 87 ,347 648 1011 1097 991 871 543 245 45- 5897 5 88

DEL: Wilmington 0., 0 51 1270 588 927 980 874 735 387 112 6. 4930 12 '93

FLA: Apalachicola 4,0 0 0 16 153 319 347. 260 180 33 0 0 1308 ,
Daytona Beach
Fort Myers

'0

0

0

0

0

0

0

0

75

24

' 211

109

248

146

190
101

.140

62

15

0

0,

0

a
0

879
442

32

38

. 94

94
, Jacktonvi 11 e 0 0 0 ' 12 10,4 3101, 332 246 174 21 0 Q 1239 29 196
Key Wes 0 0 0 0 0 .28 40 .31 9 0 0 0 108 55 90
Lakeland' 0 0 0 0 57 164 195 146 99 0 0 0 661 36' 95
Miami Beach. 0 0 0 0 0 '40 56 136 9 0 ,0 0 141 ' 45 91
Orlando 0 0 0 0 72 198 220 165 105 6 0 0 , 766. 33 96
Pensacola 0 0 D 19 195 353. 400 183 36 , 0 0 1463, 29 92
Tallahassee .

_-...--

0 0 0 28 198 160 375

.'

86

1

202 36 0 0 _1485 25 96
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NORMAL TOTAL HEATING DEGREE GAYS (Base 65°) .
o

Design To-F

STATE AND STATION' JULY
...°

AUG SEPT, OCT , NOV DEC JAN FEB MAR APR MAY JUNE ANNUAL WIN. 511[U1.

FLA: Tampa
*

West Palm Beach

GA: -Athens "'
'AtlYanta..-

AugtTs.4 , -...._
Coluirthus .

Macon'i ,' .

Rome -- .

STahovmarjansaviiil - .

-IDAHO: Boip
Idaho' Falls: 46W,

.; Idahcf, Falls 44ikt

Lewiston
Pocatello

ILL: Cairo` -
Chicago : .

Moline , '
:Peoria

. Rockford -
.SprilVield

., -
,. Evansy i 1-le

%Fort Wayne
Indianapolis~
South Bend

IOWA: 13ur1ington

De,4oi,nes .

'Dubuque
Si x City/

.Wat loo

. , ...
.

.

0-
0

0'
0'
0
g
0
0
0

0a
16

0

0

0

b
..Q.,-
d'
6

.0
0.
0
'0
4*'',
0

0

12

0

12

..

0

'0

0

0

0'

0

0

0

0

0

4'14

40

0..

0

0

0

.9

, .6

9

0

0
,9

ma 0
6

0
- 91t-`99

31
9

19

0

0

12

18

9
'0;
0
0

24

0

132

270

282
123
172

. '36

. 81

- 99

8,7

114

72

66

105'
90

111

93

' 156.

108

138

. 0
0

115

127

78

-87

, 71

161

47

415

623 .1056

648

403
493..900

164

326.

335

326

400
291

,22b
378^

316,

372

322
363

450
369

428

600
,405

414
333

333.

297

474
124986

792

1107

756

513

753

774'1181
759.1113
837

'696

606
783

723
777

.768
-,837

906
867

.909.-1296140

.

171

65

631
526

..552

543.

502
761

43g.

1017

1370

1432'1600
'933

1166

791.

1113
.13'14

1221

1023

896
1135

1051

1125

1135
1231.'1398

1287
1240

20
87

'642

;639
549
552

505

710
433947

1113

1538

1063.'815.
1524

856
120941044

1214.1025'

1315
4135

955
1178'1028

1113-

1221,1070

1259.10'42

1420
1435'

148

64

529

529
445

434
403
577
353

854

1249

1291

1058

680

1100

1137.

-.?35

6'7

949

1153
1204

1198
1221

102
A31.6,,0

431

437.
350

338

295

468
22148 -ii

722

1085

1107

694
905

539

890

'918
849,426
961

769'.354

620
'890

809

933

859

9¢7

1026'.

'989

1023

.

.

0

cf41

'1673-

90

96

'63

177.

:4353'

438

651

657

426
555'

1,95

480

450'

516

237

471

432
525

426/7
489
546

483

.531

0
0

4 22

25
0

0
', ft,

34

00,.

245.

391

388

239

319

47

211.

4816
18

236
'136

,,:1,,.'
1'1,0

1

'239.

211

260
214
229

,

06
.0

. -0
,0

. 0
0
0'
0
'00

81

192

192.

:90
-141

0
48

39

33

60
'18

0
39.
.39

60

33'
39
78

314,
5

. I,r(-ffi

683'

153

'2929

2983
397

23:

213:f 132;
11881;

'4580!

8,47

*8760
5542

7033'

:*3821

. 6155

'6408

6025

6830
5429

4435
6205 ,
5699
6439

6114,
6898
#376,
6951'

:73,20

. .

36
40

17.

18

20

-.23

92

92

96
95

98

98,

98

97

96

96

..

94

94

"94..

94

92

,95

96

93'.
93

92,

95 .

95

-92.,

96

91

.

.)e.*.-

16

24 .

'.4. .

:

- 3-

- -7

- 2

- .

-: 1

6

0
;0

-.2

:4
- '7

-11 ,

-10
-12

'i . .'
233
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a--35

,

.

NORMAL'TOTAL HEATING DEGREE DAYS (Base 65°) , o
Design T

o.
F

'STATE AND STATION JULY AUG SEPT OCT NOV" DEC 'JAN FEB APR MAY JUNE'ANNUAL WIN.:: SUMM.

KANSAS: Concordia. 0 0 57 276 :706 102 63- 935 781 372 149 18 5479
Dodge City 0 0 33 251 '666 '939 1051 840 719 354 124 9 4186 3 99_
Goodland . 0 6 81 '381 810 1073 1166 955 884 507 236 42 6141- - 2 99.
Topeka 0 O. 57 270 672 98'O 1122 893 722 330 124 12 5182 3 99
Wichita 0 0-, 33 229 618 905 1023 804 645 270 87 6 ,4620 5 102

KY: Covington . 0- 0 75 291 669 983 1035 893 756 390 .149 24 5265 3 '93,Lexington 0 0 54 .239 609 902 946 818 685 325 105 0 '----4683---6-94
Louisville 0 0 54 248 609 890 930 818 1582 315 105 9 4660 8 96

LA: Alexandria ... 0 0 0-
,

56 273 431 471 361 260 69 .'0 .0 1921 25 97
Batoh Rouge 0 0 0 5131 216 369 409 294 208 33, 0 0 1560, 25 '96
Burrwood 0 0 0 0 96 '214 298 218 171 27 0 0 1024

' Lan' Charles 0 0 0 19 210 341 381 274 195 39 ", , 0 0 1449 -29 ,95
New Orlerip 0 , 0 0 19 ' 192 322 363 258 192 39 0 0 1385 32 .93
Shreveport - 0, 0 47 '297 477 ;552. 426 304 81 .0 .0 2184 22 99,

MAINE: Caribou 78 115 336 682 1044 1535 1'6904470 1308 858 468 '183 9767 -18 85.
Portland 12 53 195 508 807 1215 1339.4482 1042 675 372 111 7511 - 5 8

MD: Baltimore 0 0 : 48 4164 5 85 905 936 820- 679, 327 90 0 4654 16 '94
Frederick 0- ,66 307 624 955 995 876 741 384 127 12 5087 7 94

1ASS: Blue Hill Obsy
BostOn

0

0

22r.108
4-,L..60

361,

316
69Q

603
1085

983
1178

1088
1053
972

,936

846
,579
513

267

208
69

36

636'8

5634 6
.

91
Nantucket . 124022 93 332 573 896 992 ,941 :896 621 384 129 -5891
Pittsfield 25 59 _219 524 831 1231 1339 14.9_6_1.06,3 660 326 105 7578 z 1 86
Worcester 6 34 147 450 774 1172 1271 1123 998 -612 304- 78 6969 1 89

MICH:. Opena, 68 105 273 580. 912 1268 1404 1.299 1218 777 .446 156 8506 -,5 87
Detroit (City) 0 0 87 360 738 1088 1181.1058 936 522 220' 42 6232 : 4 , 92Escanaba 59 87 243 539 924 1293 1445 1296 1203 777. 456 159 8481 =-7. 82
Flint . . 16 . 40' 159 465 843 1212 1330 1198 1066 639, 319 *. 90 .7377 - 1 89
Grand Rapfds' 9 28 135 43A 804' 1147 1259 1134 1011 549 279 75 6894 2 91
Lansing 6 22 138 431 813 1163 1262 1142 10114_579 273 69 6909 2 89
arcipette- 59 81 240 527 936 1268 1411 1268 1187Y771 -468 177 8393 . - 8 ',88

Muskegon . -12 fl.,2, .120 400 762 1088 1209 1100 995" 594 31O 78 6696 . 4 87
Sault Ste.'Marie 96 165 279 580 951 1367 1525 1380 1277, 810 477 201 9048 -12 83



.737,

-dareposorti-

-NORMAL TOTAL HEATING DECREE DAYS (Base 65 °y . . Design T r-

STATE AND STATION JULY AUG SEPT OCT .N.O' DEC JAN[ FEB MAR APR' HAY JUNE ANNUAL 'IN. SUMM.

MINN: Duluth 71 109 330 632 1131 1581 1745 1518 1355 .840- 49d 198 1000Q -19, 85

Internatfl Falls 71 112 363 701 1236 1724' 1919 1621 1414 828 A43 174 10606 -29 86

Minneapolis 22 31 189 505 1014 1454 1631'1380 1166 621- 288 81 8382 -14 92 .

-Rochester 25 34 186 474 1005 1438 1593 1366,1150 630 301 93 8295 -17 90

Saint Cloud 28
y

47 225 549 1065 1500 17021445'1221 666 .326 -105 8879 -20 90 0

MISS: Jackson' 0 0 0 65 315 502 .546 414 310 87 D 0 2239 -21 98

Meridian' ,-0 0 0 81, 339 518 IV 417 310 81 0 0 2289 20, 97

Vicksburg 0 0 0 53 279 ;462 512 4384r 282 69 0 0 2041 23 97

410: Columbia ,0 Q 54 41 -651 967 1076 874 716 324 121 12 5046,, 2 97

Kansas . 0 0 39 220 612 905- 1032 818 682 294' 109 0 4711 4 100

St. Joseph . 0 6 60 285 708 1039 1172 949 769 48 133 15 5484 - 1 97

St. Louis 0 0 60 251 627 936 1026 848 704 312 121 15 4900 7 96

Springfield ,0 0 45 223 600 877 973 781 %60 291 105 6 4561 5 97

MONT: Billings -6 15 186 487. 897 1135 1296 1100 910 570, 285 102 7049 -10 94

GlasgoW 31 .47 270 608 1104 1466 1711 14391187 648 335 .150 8996 -2596
Great Fails . 28 53. 258 543 921 4469 '1349 1154 1063 642, 384 186 7750 -20 91

Havre . 28 53 306 595 1065 T867 1584'1364 1181 657 .318' 162 8700 -22 91'

Helena "31 59 294 601 1002 1265 1438.1170 1042 651 381 195 8129 -17 90

- kalispell 50 49 321 654 1020 1240 1401 1134 1029 639 397 207 8191 -.7 88

Miles City 6 6 174 502 972 1296 1504 1252 1057 579 276 99, 7723 -19 `97

Misioula - 34 74 303 651 1035 1287 1420 1120 970 621 391 219 8125' - 7 92
... <a .-

NEBR: Grand Island 0 '6, 108 381 834 1172 1314 1089 908. 462 211 45 6530 - 6 98

Lincoln, O. 6 75 301 726 1066 1237 1016 834 402 171 30 5864 - 4 100

Norfolk 9 0 111, 397 873 1234 1414 1179 983 498 233 48 6979 -11 97

' North Platte 0 ' 6 123 440 885 1166 1271 1039 930 519 248 57 604 - 6 97

Omaha 0 12 105 357 828'1175 1355 1126 939 465 208 42 6612 97

Scottsbluff D , 0 138 459 876 1128 1231 1008 921 552 '285 75 6673 - /3. 96

Valentine 9 12 1-65-491, 942 1237 1395 1176 1045 579 288 84 7425

NEV: Elko 9 34, 225 X561 924 1197 1314 1036 911 621' 409 192 7433 -,13 94

Ely . . 28 43 234 592 939'1184 1308 1075 977 672 456 225 7733 - 6 50

Las Vegas 0 0 0, 78 387 617- 688 835 111 6 0 270.9. 23 108

AReno 43 '87 204 490 801 1026 1071 823 729 510 357 189 6332 12 . 94

Winnemucca ,0 34 210 536 876 1091'1172 916 837 573 363 153 6761 1 97

eA

,

o
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NORMAL TOTAL HEATING DEGREE DAYS (Base 65°) '.t.
Design T00F

STATE AND STATION JULY AUG SEPT OCT NOV DEC JAN FEB MAR APR MAY JUNE ANNUAL WIN. SUM

NH: Concord 6 50 177 505 822 1240 1358 1184 1032 636 298 75 7383 -11 91
Mt. Wash, Obsy. 493 536 720 1057 1341 1742 1820 1663 1652 1260 930 603 13817

.

NJ: Atlantic City 9 0 39 251 549 880 936 848 741 '420 133 15 4812 14 91.
Newark 0 0 30 248 573 921 983 876 729 381 118 0 4859 11 94
Trenton 0 0 57 264 576 924 989 8g5 '753 399 121 12 '4980' 12 92

NM: Albuquerque 0' 0 12 229 42 868 930 703 595 288 81 0 4348 14 96
Clayton 0 6 66, 310 4699 899 986 812 747 429 183 21 '5158.
Raton 9 28 126 431 825 1048 1116 904 834 543 301 63 6228 -,2 92
Roswell , 0 0 18 202 573 806. 840 641 481 201 31 0 3793 16 101
Silver City, 0 0 6 183 525 729 791 .605 581, 261 87 0 3705 14'. 95

NY.: A14bany 0 1(9 138 440 77/44194 1311 1156 '992 564 239 45 6875 1 '91

' Binghamton (AP). 22 65 201 471 810 1184 1277 1154 1045 645 313 99' 7286 - 2 91
Binghamton (PO) 0 28 141 406 732 1107 1190 1081 949 543 229 45 -6451
Buffalo . '19. 37 141 440 77.7 1156 1256 1145 1039 645 329 78 7062 - 5 90
Central Park 0 0 30 233 540 902 98t 885 760' 408 118 9 . 4871 11 94
JF Kennedy Intl. 0 0 36 248 564 933 1029 935 815 480 167 12 52t9 17. 91
LaGuardia 0 0 27 223 528 887 973 879 750 414 124 6 4811 12 93
Rochester 9 31 126 415 .747 1125 1234.1123 1014 597 27,9 48 6748 2 91
Schenectady ,0 22 123 422 756 1159 1283 1131 970. 543 211 30 6650 - 5 90
Syracuse , 6 28 132 415 744 1153 1271 1140 1004 570 248;- 45 6756 - 2 90

NC: Asheville 0 0 '48 245 555 775 784 683 592 273 87 .0 4042 13 91 ..

Cape Hatteras 0 0 0 78 273 521 .580 518 440 177 25 0 2612
Charlotte 0- 0 6 124 1438 691 691 582 481 156 22 0 3191. 18 96
Greensboro 0 0 33 192 513 778, 784 672 552 234 47. 0 3805 14 94
Raleigh 0 0 _ 21 164 450 716' 725 616 487 180 34 0 3393 16 95
Wilmington-- 0 0 IT 74 291 521 546 462 -357 96 0. O. 2347 ,.23 94

;Winston Salem 0 0 .21 171 483 747 753 652 524 207 37 0 3595 14 94

N. DAK: Bismarck 34 26 222 577 1083 1463 1708 1442 1203 645 329 117 8851 -2t 95
Devils Lake 40 153 273 642 111111.634 1872 1579 1345 753 381 138 9901 . -23 93
Fargo 28 37 219 574'107 1569 1789 1520 1262 690 332 ' 99 9226 -22 92
Williston 31 43 261 601 1122 1513 1758 1473 1262 681 357 141 9243 -21 94

ti

.

.

.
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F

NORMAL TOTAL HEATING'DEGREE DAYS (Base 65°)
4 4

Design-T
o

o
F

STATE AND STATION JULY 'AUG SEPT OCT. NOV DEC JAN
-

FEB MAR APR MAY JUNE- ANNUAL WIN. SUMM.

OHIO: Akron 0 9' 96 381 _726 1070 1138 1016 871 489 202 39 6037 1 89

Cincinnati \.___ 0, 0 54 248 612 921 970 837 701 336 118 . 9. 4806 8 - 94

Cleveland . 9 25 105 384 738 1088 1159 1047 918 552 260 66' 6351 2 91

Columbus 0 6, 84 347 714 1039 1088 '949 809 '426 171 27 5660 2., 92

Dayton L-0 6 n8 310 696 1045 1097 955- 809 429 167 30 5622 0 92

Mansfield 9 22 114 C397 7681110 1169 1042 924 543 245 60 .6403 1 ,91

- Sandusky 0 t 66 313 684 1032 1107 991 868 495, 198 36 5796 '4 92'

Toledo 0 16 117 406 792 1138.1200 1056* 924. 543 '242. 60 6494 1 92

Youngstown 6. 19 120 412
.

771 1104 1169 1047 921 540 248 60 '6417 1 89

641A: Oklahoma City 0 0 15 164 498 766 868 664 527 189 34 0 3725 11 100

Tulsa . ' 0 0 18 158 522 '787 893 683 539 213 47 0 3860 .12 102

OREG: Astoria 146 .130 210 375 561 679 153 -.622 636. 480 363 231 5186 27 79

Burns 12 37 210 515 867 1'113 1246 .988 856 570 366 177 6957
.. ,

Eugene. .34 34 12§ .366 585 719 803 627 589 426 279 135 4726 22 91

Meacham 84 124 288 580 918 1091 1209 1005% 983 726 527 339: 7874

Medford 0 0 78 372 678 871 918 697 642 -432 242 78 5008 21 -98

Pendleton' 0 . 0 .111 350 711 884 10.17 773 617 396 205 63 5127 3, 97

Portland 25 28 114 335 597 735 825 644 586 396 245 105 4635 26 91

Roseburg 22 16 105 329 567 713 766 608 570, 405 267 123 4491' 25 93

_Salem 37 31 '111 338 594 '729 0022. 647 611 417 273 144 4754 21 92

Sexton Summit -81 81 171 443 666 '874 958 809 818 609 465 279 6524

,PA: Allentown 0 90 353 693 1045 1116 1002 849 471 167 24 584.0 , ,43 92

Erie'

,0'

0 , 25 ,102 391 714 1063 1169 1081 973 585 288- 60 6451 7 88

Harrisburg 0 0 '63 298 648 992 1045 907. 766 596' 124 . 12 '5251 9 92

Philadelphia 0 0 60 291 621 964 1014 '890 744 390 115 12 `..;5101 11 '93

Pittsburgh 0 9 105 375' 726 1063 1119 1002 874 480 195 39 5987 7 90

Reading 0 0 54 257 597 939 1001 885 735 372 105 Q 4945 6 92,

Scranton 0 19 132 434 762 1104 1156 1028 893 498 195 '33 6254 - 2 89

Williamsport 0 9 111 375 717 1073 1122 1002 856 '468 177 24 5934 1 91

RI: Block Island O 16 78 307 594' 902 1020 *955 877 612. 344 99 5804

Providence 0
.

16 96 372 660 1023 1110 988 868 534 236 51 5954 6 84
.

.

1

.

,

.
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. NORMAL TOTAL-HEATING DEGREE DAYS (Base 65°) c.

.
Design l'/

o
F

SJATEAND STATION *JULY AUG SEPT OCT NOV DEC JAN
.

FEB MAR APR MAY JUNE ANNUAL WIN. SUMM.

SC: Charleston , 0 0 0 59 282 471 487 389 291 .54 0 0 2033 26 95
Columbia : 0 0 0 84 345 577 570 470 357 81 0 0 2484 20 98
Florence 0 0 0 . 78 315 552 552 459 347 84 0 0 2387 21 96

. Greemiille . 0 0 0 112 387 636 648 535 434 120 12 0 2884 19 ..95
Spartanburg 0 0 15 130. 417 667 663 560 453 144 25

,
0 3074 18 95

S. OAK: Huron 9 42 165 508 1014 1432 1628 1355 1125 BOO 288 87 8223 -16 97
Rapid City 22 12 ,165 481 897 1/72 1333 1145 1051 615 326 126 7345. - 9 96
Sioux Falls 19 25 168- 462 972 1361 1544 1285 1082 573 270 78 7839 -14 .95

'TENN: Bristol- 0 '0 51 236 .573 28 828 .700 598 261 68 0 4143 11 92
Chattanooga 0 ',.0 18 143 468 698 722 577* 453 160 25 ,0 3254: 15 97
Knoxville 0 0 30 171 489 725 732., 613 493 198 43 0 3494 13' 95
Memphis 0'. 0 18 130 447 698 729 585 456' 147 22 0 3232 17 98

'Nashville '0 0 30 158 496 732 778 644 512 189 .40 0 3578 12- 97
Oak Ridge (CO) 0 0 3§. 192, 531 772 778 669

L.
552 228 6 0 3817

TEXAS: Abilene. 0 V 0 99 366 586 642 47-0 347 114 0 0 2624' 17 101
Amarillo 0 0 18 205 0570 797 877 664 546 252 56 0 3985 8 98
Austin . 0 O. . 0 31 225 388 468 325 223 51 0 0 1711- 25' 101
Brownsville t 0 0 0 0 66 149 205 106 74 O. 0 0 600 36 94
Corpus Christi 0 0 0) 0 120 220 _291 174 109 0 0 0 914 32 95

4 0 0 62 321 .524 601 440 319 90 6 0 2363 19 101-
E1Paso .7 .1 0 0 '0 84 '414 648 "685 445 31-9 -1Q5 0 0 2700 21 100

. Fort Worth 0 0 0 65 324 536 614 448 319 99 0 0 2405 20 102
Galveston, 9 0 0 0 138 270 350 _258 .189 30 13 0 -1235 32 91
Houston 0 0. 0 6 183 307.384 288 192 36 0 _0 1396 = 29 96
Laredo

/
0 0 0 0 105 217 267 134 . 74 0 0 0 797 32 103

Lubbock " 0 0 18 174 513 744 800 613 484- 201. 31 0 3578 11 99
Midland 0 0 . 0 87 381 592 651 .468 322 90 0 0 2591 19 100
Port Arthur 0 0 0 22 207 029 '384 274 J92 39 0 0 - 1447 29 94
San Angelo 0 '. 0 0 68'. 318 536' 567 412 288 66 0 Cr ,2255 20 101

.,..: San Antonio 0 0 O 31 207 363 '428 286 195 39 0 0 1549 25 99
'141-i-CtWa. 0 A 0 6 150 270 344 230 152 "21 0 0. 1173 28 98
Waco 0 0 0 43 270 '456 '536 389 270 66- 0 0 2030' 21 101
Wichita Falls 0 0 0 99 -381 632 518 378 120 6 0 2832 15 103

I
. s,

,698

.



NORMAL TOTAL HEATING DEGREEDAYS (Base 65 °) '
,

Design T. F
o

STATE' AND STATION JULY AUG SEPT 0' 'NV DEC JAA FE8 MAR APR MAY JUNE ANNUAL WIN. SUMM.

UTAH: Milford 0 0 99 443,'867 1141 1252a 988 822 519 279 87 6497

Salt Lake Cit.y. 0 0 81 419, 849 1082 1172 910 763 459 233 84 60 97

'Wendoyer
.

0 0 48 3721 1091.1178'
.

902 /29 408. 177 - 51 4778

VT: Burlingtori 28 65 207 539 \891 1349 1513 1333 1197 714 .353 90 8269 -41-12' 88

VA:. Cape Henry 0 0 A 112 '360 645 694 633 -536 246 53 0 3279

Lynchburg 0 0 51 223 540 822 849 731 605 267 /04 0 4166 15 , 94

Norfolk 0 0 -0 136 408 698 738. 655. 533 ,216 0 3421 20 94

Richmond 0. 0 36 '214 495 784 815 '703 546 219 53s 0 3865 14 . 96

Roanoke 0 0 51 229 549 825 834 '722 614 261 65 0 4150' 15 '94

Wash. Nat'l AP 0 0 33 217 519 834 871 762 626 288 :74 0 4224

WASH: Olympia ,68 71 198 422 636 753 834 67`5 645 450 307 177 5236 21 85

Seattle- ' ---,- .-- 50 47 129 329 543 657 788 599 577 396 242 177 4424 23 82

Seattle Boeing 34 40 '147. 384 624 763 831 655 608 411 242 99, 4838

Seattle Tacoma 56 62 162 391 -633 750 828 678 657 474 295 159 5145' 20 85

Spokane' 9- 25 168 493 879 1082 1231 980 834 531 288 135 6655 - 2 93

'Stampede Pass 273 291 393 701 1008 1178 1287 1675 1085 855 654 483 9283

Tatoosh'Island- 295 279 306 '406 534_ 639 713 613 645 525 431 333 5719

'Walla Walla 0 0 87 310 681 -843 986 745 .589 342 177 45 4805 12 98

Yakima'- 0 12 144 450 828 1039 1163 868 713 435 220 69 5941 6 94

W. VA: Charleston 0 ,JD 63 254 591 865 880 770 648 330 96 9 447t -9 in!.

Elkins , 9 25 135 400 729 992 1008 896 791 444 198 \ 48 5675. 1 .

w
87"

Huntington , 0 0 63 257 585 --856 880 764 636- 294 '12 '4446 10' 95

Parkersburg
-,.

0 O. 60 264 -606 905 942 826 691 8.p 11 -6 4754 8 93

WIS: Green Bay 28_ 50 174 484 924 1333 1494 1313 1141 654 3 ---9!K 8029 '-12 88

La Crosse 12 19 153 437 924 1339 1504 1277 L070 540 245 69 7589 . 42 ,90,

Madison 25 40 174 474 930 1330 1473 1274 1113 618 310 102 7$63 -,, 9 92

Milwaukee 43 47 174 471' 876 1252 1376 1193 1054 64? 372. 135 1635 - 6 90

WYO: Casper 6 .16' 152 524: 942 1169 1299 1084 1020 657 '381 129 7410 -.11 92

,Cheyenne 19 31 ,210 543, 924 1101 1228 1056 1011 672 381 102 7278 -=6 89.

, Lander 6 19 204 555 1020 1299 1417 1145 1017 654 381 153 7870 -16 92-

Sheridan 25, 31 219 538 .948 1200 1355 1154' 104 642 366 150 7683 -12 95

,

.,-
.

.
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,GLOSSARY. OF

Cooling toad , Rateof heat removal frqm a'building,to maintain
,

. constant indoor temperature.,*
, . N . 01

. ..

,

. Conductance . Expresses the ease or difficulty of materials
to conduct'heat frtim thg rhigh temperature side,

s
' to the low temperature Side. ,

Design Equivalent , Temperature diffdrential between outdoor and indoor

' Taperature Differen- temperature adjusted:for' effects of surface

tial
,

absorptance of splar energy and raiatio4.
. .

.
.

Heat Gaing Rate of heat flow into a building pervit time,
. usually. one hour.

. ....

Heat LOS9 Rate of hat flow- out of abuilding'Per unit time,:

4

ukally-one hour.

Heat,'TranSihission Heat loss

Lasses , 14

Infiltration Gin Infiltration of hat air into a building.-which must

be Colgd to the comfort iof the building air.

Infiltration of,cold airjinto a building which
must be heated to the comfort level of the building

4

R value ' Thermal resistance of materials to flow of heat.,

U. value,

Infiltration Loss
A

Heat transfer caefficientlor material.

r.

.2.

. 3

4

i 0

ar,

0
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CIS1: OF SYMBOLS

A- Area of ea transfer surface, 'ftr:

f. Air 'film c nductarice for Atill air oh inside surfaqe of
. the build ih, Btu /(hr)(ft)( °F)

fo Air film conductance fqr moving air on outside surf ace
of., the building, Btu/(140(ft)(°F)

Heat flow. rate', Bt'u /hr

Thermal resistance ofbui.lding materials, (hr)(ft
2
)(0F)/Btu

Q

.RJ Thermal resistance of.inside ai'r filth; (hr)(ft2)(6F)/Btu, --

. a

Ro Thernial resitanee,of -outside air film, :*(hr)(ft21(°F)/Biu

Rt Total ticiermal resistance.for, composite building components,

. (hr)(ft')(°F)iBtu '. ; ,,, , , .

Ti Design inside temperature,
o"
F

."--,

G
Design 'garage temperaturp' °F

To Design outdoor temperature,. °F:
. -.

U Heat- transfer- cOdfficiene, Btu/(hr)(ft2)eF.
, , a I . 4 '

k 9 "
. U

0
Overall heat traiisfer coefficient, Btughr)(ft-X-F)

V 'Volume q'hange of air in the T4onis pr hour, .ft
34hr

,,

.

, . - ,

W 1
. . Humidity ratio of 'indoor air,dfmensionless 7

A

W

o
- Humidity ratio bf..6dido4r ;dthensiOrriess

4- ° '
3 4.

4

e.
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0
, INTRODUCTION

TRAINEE-ORIENTED OBJECTIVE

The objective 1)1 this module is to present methods for estimating

1

heat loss and heat. gains ,for a building. to :he-. heated and coo) ed s. based on

maintaining a seTecteeindoor air tempe \ttase during periods of design

'outdoor weather conditions.

SUB OBJECTIVES )
.

The trainee' Will be ablet

1. t the design, outdoor temperature

2. ,Determine heat transfer coefficients

3. Compute'heat transmission 'hisses

- 4. Compute the design heat' loss for the buflding'iseci

'ciegike-days

5. Compute heat gains in the building

6. Compute the design cooling load for the buildfng.

Proper design .of space heati qpg and air conditioning requfres knowledge

Of heat losses and gains 'for a. Wilding.. This is particularly needed for'

solar systems because the the$rmal loads affect system sizeland 'system Cite

affects the costs.

This module is concerned with the procedures for deterrwinirig hea

tAnsmission losses and 'gain's and the necessary data to perform the:cal-
-

calatiOns. iahous methods for determining. thermal .loads for buildings:

are 'available and the trainees are undoubtedly familiar with some of

them. Only one method lir determining heat losses, and one. for heat gains is

presented hergjn to es,ttblish common base for they rainees in this course. .fe
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This is not to imply that other methods are not ,useful. The methods

Aeschbed in this module are simple to apply.

\-t

HEAT LOSSES

.00

Heat transmission lasses, or more simply heat losses, from buildings

may be' divided:into two groups: Al). the transmissionlosse's' thrd,ugh

walls, floor, ceiling, glass and other surfaces and (21 the infiltration

losses, or more'correctly infi:ltratidn of'cdldlair; through open doors and
*b

windows, cracks and crevices around doors and windows,whi.ch must be heated

to the comfort.revelin the building.'ti
HEAT TRANSMISSION THROUGH BUILDING SURFACES'

Heat 4s transferred froM warm room air to outdoor air by a three-
.

step process. *Heat is transferred from the moo air to the inside surface

of a wall or,swindow, through(the wall or window, and from the'Outside

le.
surface to the outdoor air°. *0 rate of .heat flow /per unit time from the

'building to the outddors depends upon the surface areaA, an overall

,

heat transfer coefficient, U, and the air fempelature difference between

the jnsc1), Ti, and outside, To .',Expressed in equation form:.

Q r-.UA(Ti (5-1)

4 I

ft2;where Q is heat flow "rate, Btu/hr; A is wall area, ft
2,

U- is the -overall
.

heat transfer EOefficient, Btu per (hr)(ft2)(°F); Ti is indoor ttperature,

o
and -T

o
js outdoor temperature,

The overall heat transfer coefficient, often called the U factor,,

isdetermined,by the reciprocal of-the total thermal resistance? RT,to
r '

heat flow:
254



4

and

R
T
= R

5-3

. z -
(5-2)

+ R-
2

+4 R
3

R
4

+ etc. (5 -3)

1.

where" Ri, R2, etc., are R factors, the individuaresistance

wall components.

The transfer of heat frOM .the insidOloair to the wall is visualized

as taking place through a thin film of air adjacent to the All surfkce.

This thin film ha's tesistance, R., to ,heat flow determined by the film
0

condudtance,-fi;'--

1
R. =

1 f..
1 13'

and should be included in the determination of the overa* U factor.

.(5-4)

Similarly, here is a thin film at the outside sUrface,4the conductance'

of which,symbolized.by fo,As dependent upon the wind speed, The

resistance of ttie outside film, Ro, is

R = 1
f
o

)

\,
During summenmonthsywhen the outside temperature is greater than the

indoor temperature, heat is conducted into the buildipg. The principles

(5-

It

are. he same as'the foregoing, except. that heat flow rateisjetermined

by

255:
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UA (fit; - Ti)

where T
o
and Ti have been interchanged from-equation (5-1)%.

Surface conductances and'resistances.for air films for interior and

(

0

exterior surfaces, fol winter and sunnier, are tabulated in Table 5-1

at the e d of this module. The winter values are based on wind velocity
. .-..

. -

of 15 mph. d summer vanes aft based.on wind velocity of-7 mph.

Dead r spaces beUeen walls offer thermal resistance. The

.

resistance values are tabulated in Table 5-2 for 3/4-inch and 4-inch spaceS

driWirrte.c'and summer conditions. For paces between 3/4 and 4.inches,

vales may be interpolated.

Resistancd values fore common building materials:are tabulated in

Table 543.. U factors for windows and patio doors are tabulated in 41-able

5 -4, and U factors for solid doors are listed in Table 5-5 with and without
, ,

storm doors-. The values in these tables correspond with more complete .

tables listed n Chapter 20, ASHRAE Handbook of 'Fundamentals! (1972).

TRANSMISSION COEFFICIENTS

4.

The procedure for determining the overall heat transmission

i

coefficients, U, for typical wall, roof, ceiling and floor conitructiOn is

.0

presented in this section. The values of R used are found'injables 5-.1

\
,

, ,

.. through S-3.,, U factors fon composite construction are determined in,the-

''following examples, U factors for other types of construction may, be

cdlculated by'following these examples,

256
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Example-1 - Frame Wall '(2 x 4 studs)

2.

3.

4.

0

ITEM R,

,Outside film (15'mph wind; winter) 0.17

Sfding, wood Oil 8 lapped) 0.81

Sheathing (1/2_inch regular) 1.32

Insulation batt (3,31/4 inch) - 11.00

5. wall. hoard (1/2 inch)

6. Inside surface (winter)

KA.
set''

0'

Total Resistance, RT

tr= inT

a

0.45

0.68

-14.43

.0.07

4 1.4

1

The calculated U factor appliesto the area between 2 x 4 studs. _

Because the "resistance to heat flow through the 2-x 4 stud is different

from the insulation, a correction is sometimes applied. However, the

corrdittions usually amount to Tess than the accuracy of the R valuei.

Corrections are therefore considered.unnecesiary.

257
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Example 2-- 'Frame Wall (2 x 6 studs) ,

From Example 1,

Replace 31i-iqch inWation,

Add 51/4.-inch insulation

.New R
T

U = 1/R1.

Difference in U from Example 1

Percent Difference from 2 x 4 wall

subtract

14.43

11.00
3.43
19.00

22.43

0.04

0:03

43 percent

There is 43-percent reductiew-4A-heat loss for a 2.'x 6 wall.as

.compared with a 2 x 4 wall with correspondingly thicker insulation in the

2 x 6, wall.
7

\Example-3 - Solid Mesonry Wall

ITEM

1. 4Utside film (15 mph wind, winter)

"2. Face brick (4 inch)

3. Common brick (4' inch)

4.* Air space (3/4 inch)

5. Gypsum beard (1/2 inch)

6. Inside surface

2 34 5

Total Resistance,

U = 1/RT:

RT

258

fi

-0.17

PIO

1.28

0.68

3..82

.0.26

00000...

.7
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Example 4 r Masonry Walls

ITEM

1. Outside surface (15 mph)

2. Face brick (4 inch)

3. Cement mortar (1/2 Ind)

4. Cinder block (8inch)

5. Airjpace (3/4 inch)

6. Gypsum board (1/2 inch),

7. Inside surface

Total Resistance, R
T

T

Example 5 - easement Wall

. . ITEM

1. Concrete Wall (8, inch)

2. Insulatipri batt :(2 inch)

3. Gypsupl,boapdA1/2.ineh4,

4. Inside surfate

Total Resistance, 12

,.

"11

(259

R

0.17

_0.44

0 :10

1.72

1.28.
.

0.415

0.68

4.84

_0.21

R
l ,

0.64,

7.00--

z

.0,14 5 1

.4Ne!

0.68

.877

r.
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Example 6 - Insulated Ceiling, 6 inches

1.

2.

i -.
3./ Gypsum board (1/2 inch)

ITEM R

-Inside surface 0.68

Insulation bait (6 inch) 19.06

4. . Inside surface

Total Resistande,.ART

c
ti 4

0.45

.0.68

20.81

U = 1/RT 0.05

Example 7 7 Insulated Ceiling, 9 inches

p

't.

ti

ITEM w

1. Inside surface

2. Insulation (9 inch) 24.00

3.

4.

Gypsum board (1/2 iloch)

Inside surface ,

Total Resistance,

.0 = 1/RT

Percent decrease Of iJ with 9-inch insulatio nover

.

6-inch 'insulation, 20 percent.

260

, 0.45

0.61

25:6

Q.04

'0
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a

sa -

- Example 8 - T=1 oor

- ,

'1. Top surfa4

2. 1_1'n (ileum Or tile
G:

-3.,fa. Felt

Plywood' (5/8 inch),

Wood subfloor (3/4 inch),

6. Air space ,

7. -Acoustic ce the -(3/4 inch)

8.' Surface

Exalple 9 - Floor-

.

1.

Total ,R4esTStairice, RT

ll fri,R ;
T

PFEM

-1. - Carpet and fibrous pad

2. Plywobd'(3/4 jhc11)-
,

3., ,1Insulation- (9140k-

4'. s Surfdce (still air.1.

TotaA "Itesistance, R

U =1/R-r
g

. . ,

1'

,

. v. ittristil$
.

0 ,

2:6 1
.

C

0

0.61

0'.65

0.78

0.94

0.85f

1.89

V.

tt.

4.1.4

1

A

2

5.79

0.17,

Ps..)'s

tat

I *

,

R

A, 4

) .2.08'

0.93

0.61

27.6Z.

0.04

2

C
e./

3

tt

,
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.Example 10 -: Basement .
.1,

.:(

.
.. .-

41Atneat lossfromCa heated basement should be-based on heat transfer`

coefficient.forbOth wall and floor of U = 0.10. The temperaturp alacent 4
A

to basement walls and floqr'varfes*h the rate of heat transfer-through-
.- , 1

A
-

the walls; The morelteat,tht flows through, the Walls, the warmer will.

.
be the-ground temperature. '.Below easement floors;'a ground temperature,

equal to the ground water temperature is sometimes used'. A temperature
. .

. ,-
of 45

4o
F is recomiended as a rule of thumb for this Course. If conditions

C

Warrant, a different temperanture may be us(d.

Example 11 - Pitched Roofs4P6A Flow Up).
6

ITEM

1. Oftside Wface (5 mph)

2. -Asphalt sh ngle roofing
)

.

3. Build aper ,

4.
,

Plywood deck (5/8 inch)

5.. Inside surface

TOtal Resistance, RT.'

1..AS

U'= .1/R
T

.?

4

r.

:4,

O

6

r

I

e,

2-62
4..

I

R.

"0.17

4 .
, 0.44

° - 0.06

. 0\78
a,.

0.61

1st 2.96

0.49,

4

40

O

-r

/' 0

,
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Example 12 - Pitched Roof with Air Space and Sheathing (Heat Flow Up)

'See Example 110.

ITEM

44

R
"R

..%

,

Y. Outside surface

2. Wood shingle

'4% 3. 15 pound felt

4., Plywood deck (5/8.ina)

5.,, Air space

6.\ Gypsum el inch)

7. Inside surface

0.17

0.94

0.06

I 0.78

oA$r.

.

Total Resistante, RT

U = 1/RT

Example 13 Pitched Roof with Mounted Collector (At Ni9

4:ol"

.

(

,1 ....

..

k

. -

r

6

,
6

-

?

.

1.'

2.

*3.

'IC

.

5,

6.

7.

( ITEM t

t.
I

- . 4

Outside surface

-Glass
fedr

Air space ('3/4 iith)
,

Insulation'

15 nd felt

'Plywdod (344 inch)
.

Viside surface .'

O.17

1.13

'1.75

7.00 .

0.06

0%93

0.61

S

.

.*

,Total Resistance, RT

U . 1/R
. T

, 26.3

11.65 -

0.09

4

4
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LQSS BY INFILTRATION
. .

, . .
.

,

:

,

Calculation of infiltration losses can be very Comp ex. Experience'.

'`and judgment are importanCto provide reasonable estimates. Of two methods
, ..,

, .

,

',used for cdiculating ihflitution'rates,only the simpler air change method

.is
k

-disofissed in'thti Module, Readers-are referred tothe.ASHRAE Handbook

.

' of Fundamentals fordetaili bf the "Cradr method. In either methdd,4
1..

the obiectiveis to determine the- 'mount of heat.::required to raise the
41, ' t 4 r k . 4 .

temperature
.
of cold 'it- which etters a .building thrOUgh cracks, open windows,

,
, t ,

.. ,

,. -,

and doors.
'. ,

, ,
. ..

.

.
4 The volume of cold airlexpeCted to :enter a room thrOugh cracks during

.-.
- . ,

.

..'a..one-hour periob.depends-pn SuChYaceors as wind direction' and speed, e
.

..-

-

prei,tre diffe r ences,in'side:and outside,t he b Ang, stort windows,
.

air
/ -ao " , ,,,

locks on,outdQor entrances: and whether room doors ere closed. The entering
. ,

.

,

-.volume of,dold'afris expressed in terms of air changes per hoUr in
. . ...

the . ,

e -,
Nroom under contideration. It is hormallyNexpected that storm doors And

,
4,winglpws, or tight-fitting double-glazed windoWs will soot be.widel.); adopted

. .

,i11 new coAstruction, particularly for solar heated And cooled houses, :

average air changes for rooms with various fenestrations listed ih Tablet

8-6.are in accovience with Chapter 9, ASHRAE HandbOok-Of Fundamentals (1972)

e

.From,the..air change rate, per hour, the volume rate of air change

per hog, V.\ is determinedleomthe room joluMe. The heat 1

infiltration s calculated from

'5(

= 0.018 V (T. -,T
o
)-

\ .

. - .

,,

, :where V is the vo ume changelper hour; D is Btu per'hOur.
.

. mr

,: *
.

When mofsture is added to;the Air to diaintlin%winter, comfort conditions,

heaf-Will berequir 0 tolipporate the water vapordded to'the building
- 4

i ,., .
.

.

I

.

a 264
;,..

de t
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air. The rate of heat padded is' most conveniently calculated from

the equation below:

1

O

Q 7 79...5 V- (Wi, - Wo) 0-84
f

. - ,

.

where V is the infiltration rate; cfh; W. is humidity ratio of indoor

air, dimensionless; W
o
is humidity. atio of outdoor airs dimensionless.

4e...
, . .

, , .i,
Infi 14twation .occur/s primirily because of wind impacting on, the

.. . - ,
1

building from a given -direetiok.

.

- Therefore, ,orily the rooms on one side of, -.. L.. .
. -...,....

, .

the building would be affected. at a' given time. The values in: Table 5-6
,F . -

,,'

^

- .

account for this factor:

-
.

% ,. , , ,
EAT LOSS 'CALCULATION

N. ,. ,

Proced6re , , .

'

!,,,,,

,

.-___.:, -%_., -,......

, , _
\..,-

.
,

1.

2.

, - ,= - - , -,, . .

Select the design ouiddOi- temperature, Tojor selected cities
...,

,

froM Ole' la-A. c . Table 4-5%in. .,
.

.....

.

. . /
Select the indoor "desi gn ,terriperaturel T. at, 68 °F. (If zone

.

1 '- *
, ? ,

. .

controls or Clock thet',nostats are used 'to 1 owerilihe temperature -' .
.

. . , .

1, ,k, ' ,

, .

. . . .
I' of unused rooms and at night, consi.d5i4tion should be' given

. I . .

'selecting' :other indoor temperaui-es for:4ecific periods of time. )
O. --=-.-

Determine ndt ept--,"A, pf vial's, roof cgii ing,, yriridows,

eath i'diffe'neht type of coitstruc ti on,doors,_ and floor
. I

IP"
`

4. Se. lect U f actori f-bin amples
A

1 thrOugh 13, :or
calc

u l a t e

, ,
appropriate U factors- 119r s4pecifi,c well, type.

,.,i . .,

5. Calculate heat trAnsmissfoil 1 os's rate from?

'
y=41e,-; .. Q = WA(T.- - T ). It'-1)* .

.1 0
,

, through each typeof- urfece.

* 1

See section 'on temperaturEs pf unheaterispves.
N

4 .

-
f
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6: Sum the transmiss'ioh losses'.

7. . Determine infiltration losses.

.1 .
8 Add the infiltrairion ;fosses

to obtain .the ,tota-1 heat loss from tile. building.,

to-the transmission ldsses

-

.9. Determine .the deS'ign heat loss rate for the building

day.

.#

Temperatures' of Unheated Spaces

Attic Temperature -- The attic temperature is

a balance ofdpeat .flow intd out 'of the attic..

is from the ceiling.; heat flow out- is. through the

Al The gen eral for*107.for deterAining attic

where ,

Tat

c ,

To

A

A
r

A
w

11c,

Ur

s ceilirtg' U factor, Bty/(tir)ta
2)00

s 'rd-of fictony- Btu/ (11-4(f t2) CE)

U, is wall -U-fadtor, iStU4/(4)(ft2)(°F,)--
.

/

It

AcUcTc 1"To(Arli; + AwUw),

AU.+AU +AU
c r r w w

i s attic ,temperature ,.°F

"is room temperature,..°F

is outside temperature, °F
...

is Ceiringarea, f,t2.

,is roof area, ft2

is 2
roof wall area, ft..

for each

deternliedrfral
.)

, *or

Heat fldw into the attic

roof surfices and end

temperature :

(5-9

yJ

r,.
. . /

t.

.

2,0;67,-
2

O
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Example 14 - Attic Temperature fora Wood Shingled Roof
...

. .

'' ,Calculate attic temperature for a wood shingled rpof with the liver

A
-dimensions., To is -9 'F, Tc is ,68 °F. See Example 6 for ceiling U factor,

U
c

= 0.05. See ExaMple 12. for roof .0 factor, U. =.0.25.., For Example 1,

- for no f.nsulation and 3-inch air Space, thfactor for wall is:

116

RT from Example 1, 14.43

Subtract tawl-ktion -11.00

Subtract gypsum board - 0.45

Total Resistance, RT 2.98
Air

1)%4
=1/R

T
0.34

. ,

Calculate A.

. A 30 x 50 = 1500 ft2
c.

A
r

* /2< 15 x 50x 2 = 2120 ft2

-

30 x 15 x x 2 = 450 .

T

'at

(1500)(0.05)(68) + (i9) [(2120)(0.25) + (45 )(0.34)]

(1500)(0,5) (2120)(.25) + (450)(0.3 )

''_. 5100 -

,
1

p147 '.. . ..-

at 75 + 530 + 153
= -1.4 °F

.

f
. ,

t

ExamPle-,15 - Attic Temperatve with Mounted CollectorJ

CayulatiOpe attic temperature With a collector mounted gn one side

of, roof.,X;from*Example 13, Ur with collector is 0.09. A U '3n equation
, . r

Ar Ur

9). consists of_twp parts:

ke

4

eL

.

f A
r

(with collector) = 1060, ft2.

sAr (without collector) = 1060 ft2

Ur (with collector) 0.09

_U;(Without collecior) = 0.25
' t

-

'2"67 ,

,

now.

c
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'A
r
U
r

= 1060)(0.9) + (1060)(.25) =

For Example 5-14,

-1

- (1500)(0.5)(68) +-(-9) .1360 + (450)(.84)]T'
at. (1500)(0.5) + 360 + 153

5100 4617
T
at

= 0.8 of
588

4

When ventilation is provided, at 0.5 cfm per square foot of ceiling,

the attic temperatures must be reduced -from those calculated in Examples

14 and 15. 'Thus, the attic temperature approaches outdoor temperature-.

Attic temperature may be assumed to be the aufdoor temperature with well-

/insulated ceilings without significant error in heat loss calculation.

Unheated Wage, With similar detailed calculations, the temperature

'in any unheathd garage maybe calculated. For ease of calculation.of heat

tosses, the garage temperature may be assumed to_be.the meart.of the indoor

and outdoar temperatUes, thus:

411
o + Ti

a

Example:' With out'o-lr temprature of -9
o
F, indoor

(5-10.

.temperature' of 60110., the garage-t temperature tt:'
.

41'
T = (-9) + 68

°F

txa'41-e Heat Loss Calculation
.

An example heatloss calculation is presented below for a house in Fort

Collins shown in Figure 5-1, with the ki9scriptionofmaterilsigiyen

In Figure 5 -2. The wind° s in all \r Yams are 3' x'41,'double'hun'g,
0 A

14 . 26g

r ..
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4

single pane, ,wood sash with.storm windows having 3-inch air space. -The

window in the bathroom is 2'x 2', double hung, single pane, wood sash

with storm window.. The window in'theliving room is 4' x 8',-wood

sash, double -glass with 1/2-inch air space. .The window in the kitchen is
., .

2.5' x 4' double flung, singl e pane, wooksash with storm window. The

windoW in the breakfast nook-is 3' x 4' double.glass, wood sash with 1/2-:inch

air space. The 6' x 6' sliding patio door in the family room is doubre-

glass wood frame with 1/2-inch' air space. .The basem- ent windows are 11/2' x 11/2'

and will.be ignored in this calculation. 'Bathrooms 4nd kitchen are ventilated.

The heating worksheet in Figure 573 is used to facilitate calculations..

Referring to Table 4-5, the des ti temperature is -9 °F for'Firt Collins,

Zolorado. The design indoor temperature is 68 °F. The total heat Toss
44.

from the building for the design temperatures is 53,215 Btu, per hour. The

4
heat load based on degree days is determined as follows:1

Nit loss
Temperature Diff.

x 24

For the exampl f Figure.5-3, the heat load based on degree days (DO)

is 68- On

53,215 x 24 Btu
165

. 1 68
90

DD

qIt is interesting to note that the overa U factor for the house for

the above grade living spacelbasd on the computations in Figure: 5-3 is

(53215 -.792i) 2 o

2078 x 77
; 0.28 BtU/(hr)(ft 1( F)

77
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For the entire house including the basement,

U
o

-.
32

53
;2
60

1g

77

5
0.21_,Btu/(hr)(ft

2
(

HEAT GAINS ,

i,
Heat transmissibn into a building takes place by radiation and

conduction from building surfaces and by infiltration of warm air into

-.conditioned space. 'The detailed procedure is quite complex, taking into

account the Viermal and optical properties df the building materials,

time of day, day of the year, solar radiation intensity, etc. The procedure

des6ribed in thismodule is based on a simplified method using a design

eq0ivalent temperature difference. .

Heat gain is computed by:

Q = Q,A(DTD) I (5-1/1_4

'where.,

Q is rate of heat gain, Btu/hr

A is area of surface, ft
2

w
U isheat transmission coefficient, Btu/(hr)(ft 2 o

F) _

Yr

DTD is design equivalent temperature differ- ence. ,

The DTD for three design outdoor,temperatures are listed in Table
4

5-7. *U factors for typicali.tonstruqtion may be'computed in the manner shovn

in Examples 1 through 13.. Heat gain thorough windowtepends upon exposure

to solar radiation; therefore, heat, gains will differ for different window

orientations. Heat-gains directly in terms of Btukhr)(ft
2

) are listed in
_.

.

' Table 5-8. No credit is given .for shade line below.an overhang in the
i

.
I...

. 1
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. t!ble. When a permanent overhang is, provided, the shaded Window is

..--
treated a1 a north-facing window. Average shade lines belowsan overhang for

various latitudes and windoW orientation are-giv;en in Table 5-9. The

overhang width multiplied-by the shade factor determines the average,

effective shad lines below the level of the overhang: -,Data are for

August-1, averaged,over 5 hours.

INFILTRATION
/

Infiltration An the summer is less than winter because the

temperature difference and wind velocity are less. Air changes per

hour for the summer are listed in Table 5-6. Sensible heat gain is

deteivriAed by equation (5 -7) and latent heat gain by'equation (5-8).

Residential cooling loads are almost always based on sensible. heat gains.

II

0 NCY

Heat gain from human beings in a r esidence i usually assumed tp be-

about 200 to 250 Btu per hour. For normally equipped kitchens, heat

gain from applianrec is assumed to be 1260 Btu per hour for determining

cooling loads.

SOLAR EQUIPMENT

Heat gains from solar equipment in a reSIdence,i.e., motors, heated
,

pipes and ducts, will, add to'the cooling load$1Th Fe-at gainICOuid be

,.

significant from water storage tanks if the tquipme room is nbt vented. ',
. .

.. -.

While there are as yet insufficient data from solar gated and cooled

, A
houses torovide design-tables, a heat gain equivalent to the kitchen

load, MOO Btuh;may be' assumed.

q71..

r
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S o

LATENT.HEAT
c

___

Latent heat load of 3d percent of.the sensible heat lout may,.

be used.
.

COOLING LOAD

The differences between heat gains and cooling load's are importantmportant

in calculating residential cooling loads. The cooling loads in residential

buildings are primarily due to sensible heat flow andnot_to internal

heat gains. It must be rememberedthat only a.few days each season are

design days, and a partial- load.condition exists for.manyhours during

--- a season. Thus, an oversized system does not per form effectively with

short term or intermi -ttent operating cycles: Equipment should be of the
f4

smallest pOssible capacity and designed-to-operate for 24 hours a

day, using the thermal storage available in interioralls;cand

furnishings, to.educe temkrature excursions in Cie building. .-1-
,

PROCEDURE FOR CALCULATION'

O

1.. Determine the design outdoor summer temperaturem-Iable 4-5.
°,...

2. Establish an in or design-temperature (usuallY 75,
o
F),

-
.

.2.-, Determine net areas of building sub- striltures.

,..

. Select. U factors' from Examples 1 through 13, or calculate.U-factor -'

. di
, .

__,..,from ap popriate, tabl
e

#

. ' IT
I .

:
I ,

.

5. Select the D'esign Eqivaleht'Temperature Difference (DETD),

,

'. from
4A

Table 5-7. .

/ .

6. For windo4, u§e-heit gain rates Agiyen/in Table-5-8 ccrreited
0

for shading factors -given' in Table 5-9.

o

a.
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7.1-.Cafculate sensible heat gain from conduction and radiation,

using equation (5,11):

.

Q = UA (ETD)

v

(5=11)

. 8. Calculate the sensible heat gain due,to infiltration, using:

OW.
9. Add heats gain from occupants -and 'fixed appliances.

. 10. Sum the sensible heat gains.

11.. percent for latent Coolfng

12. Total the latent load and sensiblCheat gains to'determine

*the total cooling load.

'

1XAMPLE
J

The cooling Toad for the house af Figure 5-1 is-calculated as shown

.in Figure-5-4. The outdoor design temperature, from Table 4-5, is

o
89

o
F. -The,ingloor design temperature.is 75 F. The 0 factors for wath,,

,,

beiling and dcior are 116 same es for winter condition?'w'Refiriement in U
.

,

a 5

factors were not
-

made in'theie computatiops although:theRfactdrs,in
.

'.7 . 4
tart* films in Tables 5-Vandlit would result in slightly.diTferent R factors.

.
.

The.overhangs* over the south-facing windows effectively reduce the

heat transfer rates equivalent to the.north-facing windows, and 4beretoy
,

, . . .,

. aTe no east!and.south-facing windows. No ,credit taken for sh&des'or '---*
..- ,

(
t .

drapes 'over the Windows.

. . ,

the 'temperature in the garage was' assumed to be the mean between . .

.
.

outdoor
.

in or 'and 9utdoor design temperatures, and,,the design temperature
.

diffetignc%s (DETD) given-in Table 5-7 were interpolatedjor-the design
/ .. i

outdoor temperature of 89 °.F. 21
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The totel, cool i-rrg- lciad for the building is calc lated to be 18,621
..:

=AI
.

_ ,

Btu per hour. ,This low coolinvioad-is a 'result of-lo Tesign oUtddor '''

1". ,
4,e

temperature in fort Collins,.89'°F, and a building whic s insulated-
.

properly with shading over windows.. The values used apply for average
. .

summer conditions, and it!!ts likely that cooling loads for days when
. ,

',. 4,1 ) .,
_

*
'temperatures reach.95 OF will require grater cooling capacity. If-the air'

conditioner is operating 24 hours per day, even for these days, tie

temperature excursion.inside the building sho d'-'not be large.

Based on a cooling load of 18,621 Btu/hr, a temperature difference.

of 14
'o
F -and a ye grade floor area, the overall heat transfer,coefficient

foriiihe buildin is 0:64 Btu per hour per square foot of flpor.space for

each °Fttemperature difference between design outdoor-and indoor

.temperatures

.) ,

I

V 9

Ar

\

274
4

4
1 4 el.,

/ <-::i '',

0 !.

- .

,
t

4

r

s

Ar
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L .1 . :

is...epsiipeseosmossinllION

et

3 It: overhang
."

Colonial,twol-story vii-th all, the neces-
saw s40 and luxury for a 'large or
growinglamity Four Bedroom's and
Two Baths, tin the Seqond Floor
Large' Entry Vith lipen;6tairway '
Spacious Living Room Sormal, Din
ing Froozn- rsti-Shap0 Kitchen With
Eating, Space\ Farnily Room With
Fireplace touted Next To KitChen- ,

-Fun Unfinished Basement Two m
'Car *age . Paneling.

1:3

'

igrAt....9roct NIEA
20 7 8

phis 1.1 8 2 fg- Base.'
3 2 6 0 ft2 :

N

FAMILY ROOM
21'4'* 12' 8"

117111

WASHER 8.
DRYER

DOUBLE GARAGE

COVERED PORCH

e 6.
Sy BE GROOM

12: 0: 10' 0"

'BEDROOM
1. Cr si 11' 0'

'2

r'

32

1

,

BEDROOM
1' 0" 9' 0

BEDROOM
16' 0" It 13' 4"

10

Roof Overhang 3 t .

tat

-,

,

.5=1 exampre,Residential Building .. t
a

t ''' , .

. .>

. Op - ,, sr. . . . ',. '
i.,,,..

E1. . ,
4* '.5a

r

41,
t"

1 SI

4'
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Figure:5-3,\(coptinued

HEATING WORKSHEET
forExample,BUfilding

,

-f

4

BUILDIN SECTION.

-

. .
....'

1

, SIZE
( .40R.

VOLUME

:NET-01'

AREA OR
VOLUME

Liz

('COEFF.:

IMP.'

'NFO!:
[684-9)]

HEAT.
LOSS

TOTALS

.

KITCHEN,_ BREAKWT

"' ' North. wall

Window
Window
Infiltration

. FAMILY ROOM

North wa 1
Patio door.

: =.West wall

South wall
Infiltration .

a ,'

_HALL __ ....... _/ '
West wall

Infiltration
.

:BASEMENT

North wall.
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South wall' '''
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Flogr , .

Floor ,

Infiltration ---

-

CEILING ,
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; .',
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.

.
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Figure 5-4

COOLING WORKSHEET
for Example' BUildihg

V

BUILDING SECTION

.

SIZE -

OR e

VOLUME

NET .1%kl

AREA OR
VOLUME

or:UN tit

:, HEAT?

GAIN'

DOT HEAD'

GAIN

-TOTALS

BEDROOM ,

Sout 'wg,T1

East wa I i

Wind ws south
Inf tratton .

.-. . '
BEDR0041 2

East wall .

North wall
Window
.:Infil tra ti on

BATHROOM , 1

North Will-.
Window
Infiltration

BEDRO6W.3 , :
North wall. ''-

Witgt ,Wa 1 1 '
WindOw/
Infiltration .

. ..'

EbROOM 4. and HALLWAY'

t wall
.South wall

Window . .- . a

., Infiltration, .

- LIVING ROOM .
k

,

Smith wall -,

*1)1:1or '
-Window 1

,.. .East -Wall

Infi 1 tration

DINING ROOM .

East: AB A.
.. 'North wall J

6. Infiltraridn
.7

..

,
-

,-

. -

.

.

-
a

.
18x8

,
. 13.5x8

3x4

1632 -
,

. .

14x8

11x8 ,.

3x4

68

.

Sx8-
2x2

660

. %..

.- .
. 148

.

10x8
3x4

96Q
1

4 .
4 /

16x8, .

-14x8,

3x4

1.792
. . .

-

e.

32x8

; 3x7.

4-x8

13.5x8

. 2052,,,. -.

V

13.15x8
1.1k8

- . 1188
o

k

120
108

244

816
. .

112.
76/

. 12

484

--60'
4

660
.

,

84 .

:,1

12
480

, .

128

,88

24

896

. 203 _

21

..: n
168.

4026

,48
88

'HS

.0:7

.01,
27'"-

.018
.

.

.07

.07

27

.018

.07

_ 27
.018t

.07

.07
2,7

'.,018

.
, ,

07. .

'.07

27
.018

.07

.47

., 21 '.
.15 .

.018

.07,

,.07

.018

19

19'

14

r

19

19

14

19,

14

19

19

.

14

19.

.19

14'

19

19

11
14

'19 '
19

14

/

.

,

J/

.

i

;'

160.

144
648
205

149

101
324*

122

80,

108

166

112

106-

324

121

NO
'117
64S
226

270'
188

672

178
258

144

117
50

1157

.

11k.
. ..

696

.

354

663

.

1161
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Figuj 5-4 (continued)

.

COOLING WORKSHEET
for Example Building a

BUILDING SECTION .

.

. SIZE
OR .

VOLUME

NET,

AREA OR
VOLUME

Uor UNIT
HEAT

GAIN

DDT'
,
%HEAT;

4.IN'
.TOTALS'

-

-

KITCHEN, BREAKFAST

North wall
Windows

,Inftltration
-

FAMILY ROOM a

North wall
West Wall

- South wall-
Patio, door

Itifiltratton

ilALL

.

,

.

.

1 .,

-

#

,

.

. ,

1848

1584

:
21.5)(6,

13x8'

22xt
,6x6
2288-

17x8
1088

32x28-

13x22
, . .

_,

.

.

.

122
22

1584 -iv.

136

104

176
-36

.2288

136

1088

..

896
286

,

.

.07

27

.918

'

.07

.20

.52

21

..018.

:52
.018'

,

.04

.04-

,19

14

19

19

7

14

.

7

14

39

39

r

?.

e

'.

.162

594

399

,

80
395

640.

756

.577

495
274

13,98:

44.6

,

115k

2548

769

1844

.

West wall .-

Infiltration

rIL'.
COLING

.

Second floor
Eamily roft

.

No load As calculated for
basemeht. No credit for
coo) basethent taken.

11

: TOTAL , 12224

4 occupants x 225 900

Kitchen' Appliapces - 1200

Total Sensib Heat Gain TUR.:

..' nsib% Heat Gain.-18621 i

Latent Heat 4297
Latent + Se

Cool Btu hr 18621
0. ,

. r t

To.
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Table 5-1. Surface Conduc ances and Resistances
- for Air Films; Conductance-Btu/(hrt)(,ft

2
)(

o
F)

Resistance-Ch (ft2)(°F)/RtU

. .

ITEMS
0, .

4
WINTER SUMMER

1
R.

1 .

: f.
1

R.
1

7 , .

INTERWOR URFACES .-

Ceilin .63 0.61 1.08 0.92*'

Sloped ceiling .45°
. .

.60 0.62 .1.32 0.76*

°Walls an 'windows .46 0.68 1.46 0.68

Floor

I

.

1.08
/

0.92 t.08 0.92

EXTERIOR SURFACES .
.

,

'Roofs, walls and windows 6 00 0:17
+

4.00 0.25 1

* *eat flow direction reversed from tinter conditions

15 mph,wind

7.5 mph wind

0

Resistapce Val es'for Air Spaces
(hr)(ft6)(°F)/

.

I. WINTER, 'SUMMER
.

', ITEM Ain Space. 3 4" 4" .3/41.1. 4I

.

Flat ROO! . 1. 2
.

1.f2 0.87 0.94 ,

'. Wall ,7 -A. 1.6 , 1.01 ,1,01
..,

.
,

284

so.

9

_.
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Table 5-3. Resistance. Values for' Building Materials

(hr)(ft2)(-0F)/Btru

1111.

TYPEAND MATERIAL,
'

.

0 TYPEAND MATERIAL R

BUILDING BOARD

AsbestOs-cement: 1/8."

1/4".

Gypsum: 3/8"

1/2"
Plywood: 1/4r

3/8" .
.1/2"
3/4"

Insulating Board 25/32"
Regular ig, ____- 1/2"

Laminated Paper .3/4"
Acoustic Tile '1/2"

,
.3/4"

Hardboard
,,

3/4"
Particle Board 5/8"
Wood Subiloor 3/4"

MASONRY. , ."

Concrete
.' '

6",, t8"
. - - 10"

c, Concrete Blocks,
3 oval cor:e

- Sand and Gravel 4"

t
,8"

A., ,. 12 ".

ewer -s., 4"

'w, ,' .,:;:, 8"
.-- "V.t:,,,-i n"
1.1-intwerigitf;77,4, 44'

8"-
,-, '-12"

. Ccon'c'ret.e .Blocks',

2 rect: Core ..;, ,

Sand and travel 8"

Lightweight ,. 8"
-..--'''

. Common Brick:. ; 2"
... .1

41'

Face Brick ' , .42"

4"

BUILDING PAPER -
-

I '
15# felt

- ,

0.04
046,-
0.32
0.45
0.31
0.47

6:62
0.93
2.06

.1.32
1.50
1.25

1.89

.92
0.82

0.94

'0.48

0.64

.o. f.3_9

'
0.71 .-

1.11:
1,28
1.11

1.72

4.89
1.50

2.00
2,27

1.04-

2.18!

'0.40
0.80
0.22°
0.44

-4-.

0.Og

SIDING

Asbestos-cement
Wood shingles, 16"
Wood bevel, 1/2 x -8. Wood bevel 3/4-x 10-
Wood plywood, 3/8
Aluminum or steel
Insulating Board:;

,.. 3/8" normal . .

3/81, foiled
- - i '

FINISH FLOORING

,Carpet and fibrous.p.ad
Carpet and rubber pad ,
Cork tile, 1/8"
Terrazzb, 1 ". -

rile, asphalt; linoleum;
yinyli, rubber

Hardwood

6. .INSULATION

, Blanket and Bag:S-2 3/4"
3-3 112"

, , 5.1/4-64/2'
Loose rill

Cellulose, per inch
Sawdust, per inch -

.Perlite, per inch
Mineral fibre
(rock,islag,'gla's's) 3"

' .4 1/2"
6 1/4"

7 1/2"

Vermiculite,, per inch
°: 1.- . .

ROOFING ..
. la.

Asphalt
1

'3/8"3/8" Bui-It-up . ''

Woods: oak, maple per inch
' fir, pine, softwoods

per inch
:, . 3/4"

- I_-

0.21
0.87

0.81
1.05

'0.59_,

0 z61
,

1.82

2.96

2.08
1.23,
0.28
0.08

.

0.05
0.08.,

7.00
11.00
19.00

3.70
2,22

2.70,

9.00
13.00
19.00

24.00
2.20

..

0.44
Q.94

0.33 ,

0.'01

,1.21-

0.94
5

1
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Table 5-4. 'U'Factors fqfkWindows

,e Btil/(hr)(ft4)(°F)

1111117

d Patio Door's

,
. .

.

DESCRIPTION. WINTER
.

SINGLE GLASS
J

1

. Metal 'sash 1.13

Wood sash, 80% glass'' . 0.02

AMBLE GLASS:
.

.

.

.

i/4"l'Air Space .
_.

. Metal sash - .. 0.65

Wood sash, 80% glass . 0.62

Wood sash,-6Q% glass 0.55
(4111

4 J/2" Air Space .

Metal sa'tli 0.70

. Wood sagh, 80% gfass , 0.49

. ,

TRIPLE GLASS

1/4" Air Space
.

Metal sash. . 0.56

Wood sash, 80% glass . 0.45

STORM 4INDOWS.
.

.

1" Ito 4" Air Space , .

.

Wood
Metal .

,
0.50
0.56 '.

SLIDING PATIO DOORS
.

Single Glass .

'Wood frame. 1.Q7

Metal frame -' 1.13

Double Glass, 1/2" Aft Space

Wood frame 0.58

Metal .0.64

,

.

286

. r
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Table 5-5. '.0 Factors 'fly Sol7di3oors

,Btu/(hr)(ft )(F)

o 0
e

''WINTER 11.6
.

. ..

THICKNESS (IN) WITHOUT WITH STORM , SUMA.R
STORM ocforl, Dow, So% GLASS , WITHOUT ,

. STORM DOOR
--WOOD METAL- I

#
\*

a
.1 r c_0.64 .030 9:39 - 0.61,

-. .

1 1/4 -. , ''',0.55 -. 0.N3 0.34 t5.53
. , - . .

1 li _ 0..49 0.27 '0.33 0.47
.. -. . ,

2 - 0.43 0.14 0:29 ', .- .0.42 -

.
, -

. ,
.

. , ,

Tab1e,5-6 Air' Changes for Average Residential Conditions

O

.
_, , . fIR CHANGE PER HOURr .

. .KIND OF ROOM . WINTER SUMMER
. 1 , 4

1 -

Room with no' windows or exteriorrior
.

, 1/3doors 1/6.
.

Rooms with windows. or exterior 1

doors on one side- 4 , 2/3
.

1/2
A .... .

Ro.oms:with windows or e°xtertor .
,

doors on two,sides
,

-_.- ' ,./ ' 1 2/3
,

Z . .,-
,

Rooms with windows or exterior
doors on theef sides' - 1 173 1

t
Entrance:hills and air locks '1 1/2 . 1- ..

i ,

,. . .
. ,

4

ff

,

-

N.

"

0

.
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Tabl e 5-7. Des"ign Equivalent Temperature Differences l'uF)

DESIGN OUTDOOR TEMPERATURE 85 ..

, A 9 5 14 105

r .
TEMPERATURE. RANGE. DURING, DAY

. 4. A

15 -25 115-25 >25 . ,>2%5

.

. ',

WALLS AND DOORS
, -

2 Wocid.frqme`and''.doors
Masonry ',

CE IbINGS" AND ROOF
'

Under vented. attic,
`dark roof
Built-bp roof (no ceiling);
I ig)t roof t i'\ ,

) . - '
FLOORS

,
Over unconditioned rooms
and' open crawl space'

Over basement, enclosed
. crawl space

4 ,

,

.

P

.."

14
6

.

34

26
e

5

0

r

it

,

.
- 24...
r 16-

44

6

.

15 '`

0' ..

-

(

'

.

-

.

19'
A 11 ®g

.

..--7
-89

31

_ la

0

.

. -

.

-,

,
k

.

,

29
21

:,

49

41

20 '

0

f a .

'--/

I
,

, ,..

.

I

4
- .71, '

a f

or

p
4

4.

I

-2't :

.

r

't

G. .

1044. If'

111109.L...7.
af

e

4
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Table Design Heat Gains Through Windows
Btu/(hr)(ft2)

OUTOOOR,0ESIGN TEMPERATURE
,

SINGLE PANE . DOUBLE PANE
85 195 105 85 95 105

e -

NO AWNINGS OR INSIDE SHADING

North 4 , 23 31 38 . 19 24 28
'Northeast; Northwest 5 64 71 46, 51 55,
East and West 81' 89 96 68 .73 77
Southeast; Southwest 70 78 85 59 64 68

; South 40 48 55 . 33 -, 3,8 .42
.

.

WITH DRAPERIES OR.VEN. BLINDS

.' North" 15 23 30 12 '17 21
Northeast; Northkst 32 40 47 27 32 36

. East a-nd'West.09 , 48 56 63 42 ' 47 -51
,i Southeast; Southwest 40 48 55 35 40 44
i South

i
23 '31 38 -2-9 25 29

,

'ROLLER SHADES, HALT DOWN .
,

.

.

North 2 o. --I,, 18 26 33 15 '20 24
Northeast; Northwest 40 48 55, 38 43 47,
East and West . , 61 69 . 76- 54 59 . '63

Southeast; Southwest . 52, 60 67 46 51, . 55
' South . 29 37 44 26 32 36

.

AWNINGS : .

. .

Y
-

.

North . , 20 28 351 13 18 22
Northeast; Northwest '21 29 . 36 14 19 23.

:-.East 'and West 22 30 37 14 19' 23
, Southeast; Southwest 21 29 '36, '14, 19 .,23

South

.

21, 28 35

\

13 18 . 22

..- --

289_
ft

I

4
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Table 5-9. Shade Line Factors*
,

- '.(5 hour average, 1 August)
,

.

.

WINDOW ORIENTATION

(P

14-

,

LATITUDE

25- 30 35 40
4e.

45 ' 50

East and West '

Southeat; Southwest

South.
s,

,

.

A

''

...

;

0f:8

1.9

10.1

0.8

1.6

5.4

0.80

1.4

3.6

.

0.8

1.3

2.6

.

0.g

1.1

2.0

0.8

1:0'

1.7

-3

ultiply shady line factors by Width of overhang to determine

shadow Mine below overhang.

Aft

. :

a

$
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INTRODUCTION

c5

TRAINEE-ORIENTED OBJECTIVE

, 4 .

i

- To conduct a preliminary design study of a solar heating

0,

system.

SUB-OBJECTIVES

To put into practice the preliminary design methods p.resen e

during previous modules.

PROBLEM 1

/ . .

We wish to es mate the size of collector array that shou

411P

used.to provide appro mately 75 percent of the space hea

service-hot water loads a house for which the heat '1

determined tocbe 17200 Btu/,gree day.
-

The bouse is to b

your location. Use the Huck-W in method.

.PROBLEM 2 .

d be

nd
O

been

it iil

Now assume that,throUgh canservat on measures, the heat 1

reduced to 15000 Btu/DD. Repeat the calculations.

PROBLEM 3
. .

. , .

# Repeat Problem 1 usingthe:Balcomb-Hedstrom method.

r. ,

219 2
4-1\,

,
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4NTRODUCTION

TRAINEE-ORIENTED OBJECTIVE
4 f; - 4 I

I s'
The objective is to understand and utilize detailed performance

,7
] ,

.

,

estimation techniques the determination of system performance.

SUB-OBJECTIVES

At the end of this moddie the trainee should be able to describe,

explain, and 'utilize the Duffie-Beckman-Klein F-Chart procedure for the

' .

, design of solar heating systeMs.

The amplified design'techni s presented in Module 4 are not._

usually adequate 'for final design pur oses, because the collector

performance is not adelately accounted Tor in those procedures. In 'this

module, consideration is given to the design parameters ofthe collector
.f.

itself in determining system performance, and is devoted primarily to the

selection of the collector: array. The methods presented in Module 16

for the selection of other components, such as pumps), heat exchangers`;,

etc., are valid for final design purposes.

THE DUFFIE-BECKMAN-KLEIN PROCEDURE

This material is based upon the work presented in Reference 1.

In-that paper,..a general design Procedure for solar'heating systems

was developed based dpon information obtained from,many simulations
,

. \
.solar heating systems utilizing a detailed simulation program., The

.

' .

.

result was a simple graphical method using monthly average petqoroiogi,call.

. ---,/

4 , data which my be used for the deSign of solt(34:heating systemt. (

. .
. ,

296 4, 1



5

.

4 7-2

THE APPROACH 1
i

.The approach. taken in Reference 1 was to use a simulation program

to develop a Qeneralized performancechOtt. Thi,s- generalized perftlFmance
, 1 I,

r "chart' correlates long -tern performance Of sovlar heating systems with
I -

vstem design parameters, building castruction, and weather. This
ea....

chart may then be combined with cost figures to provide a and

which architects 'arid heating engineers candetermirie the economic

opttal c

design of reside'ntial space and water heating systems.

The water system considered is shown in Figure 7-1. This analysis'

is applicable to systems using liquid-as the transport medium and for

storage. The mathematical models for the system tomponents that were

4.ri../be,,,s..imula>tiorkar.tudie.s..a.r.e-pr e-pre-be.i4M4 .

F
N.

COLLECTOR' MODEL

The /method of Hottel and Whi,11 fer 5)was used to model

the'coliector,. The equation the.useful drfergy;ccillected is

where

p

A [Kt UL (Ti -Ta)n p)c..AT6-T-i)

74,

The terms in this equa on are defined below:

= col 1 ecto efficiency. factor

A = collecto..- area

T
= radiati n orb the!coll-ector

1 J [

4.
297:
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ra smit

,-

sslcoeffii ci

)1: /
t tempera

del.
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STORAGE MODEL

,L

where

Cs
.

Ts

QL

EL

.1

Qw

.

.
1

`,4
^

2
- :

, - -: t"
.4, ,

ea OTITL'ee-iquato on for the srage lyitem q

t dTs
§ dt

k-

= heat

, =

load

Q
L
-EL )

aci ty of storage

storage temperature4
L. .

space, heating 1 odd
L

( 0 )
w

auxiliary energy required to meet the space heating

/.

= service hot water- heating load.

= auxiliary energy required to meet the service

water 1 oad,k4

r

energy- transferred to storage :tank
./

.

-

.

J

(7-3),
410.

.
1
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t
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HEAT EXCHANGER MODEL

7-5

'O

The thermal- perfor'mance of the %heat exCh6nger as modeltd-a.tcording

to the equation

,',where

Qh1= ec (th CP)nii.1 (iT0*-Ts),=- CP)s

-

.

Ts, temper ture 'of 'water in s oreag

To and T 1 -are

Cp) ,= min; [i(rfi c0c, cp)sl,

the temperatures at the, outlets of, th,e heat cixchanger

as indicated'on Figure

_in the analysis.' This

excessively long.

The equations for

to*.gi ve

, '

where

7-1. Thermal loss in the piping were disregarAed
.

.. .1
..

s. .

i valid if pipes are -well insulated and no t'
, .

VS

the' heat exchtariger and colleCtor were

Ou = P.a A [HT is U

1

Cp)c

Fb UL ?Al
I

4W

Cp)
c

1Cc Oil Cp)-
"n

,,,
The term, Fbi/F . is considered to '6e a '"heat:'exchanger factor":FR /FR

. . i ,. .ir i `-.01": 4:"

I tS

value lies. between 0 and 1 and represents, a penaltif rkra for the use
_

comisined

of the heat exchanger. tit

The term i.n the storage model , Qb, was then- eVressed -1,n terms

.cif ,the abOVe' relations according -to

Ti 1 TnidxF ' A- IHT ,Tce ,- UL. (Ts,..1a)], T,
R

'.' .

.011,C)s (Truax --T ), ',T1*i T_max___
ax s

where 1"
ma x

is 212 ° F4

7-7)
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; LOAD MODEL

The'bouse :heating load'was modeled as

QL = UA (TR - Ta)

where T
R is the room temperature and UA is the space heating load

. .

at design conditions divided by-tidesign temperature difference.

The service water heating load was modeled by

Qw = (Mt Cp)'w (

,

whereJ
w represented.. the minimum acceptable hot water temPtrature and

. i_
Tm trepreseAted the temperature fi-om the cold Water supply lines.

.. "

A
AUXILIARY ENERGY

Ao

Tfie.auxiliary energy Was 'modeled in two parts: The fii-st

represented the amount-orenergy required for servite hot water,-EITI,

while the second represented' the amount reqUired for spade-heating,-

E
L'

These were modeled according to

and

where

= (11 Cp)w (Tw.- Ts)

J

(s.

(7-8)

O

'(7.1.91

I

?.

[QL (UA)s (Ts - Ta)] (7-11).

4

9max = cLcmin -
r
T
R
)/UA

.302
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At
The term'C

min
represents theminimum of.the two fluid flow tapaci ce$

,;.through the load heat.exchanger and ts usually that of air. The term.-,

e
I m
C
jn

/UA provides a measure for sizing the load heat'exchan0er.

SENSITIVITY ANAtYSIS

The development'of the general design procedure for solar

heating systems began with an extensive study of the effects.of various

,design parameters on'the long-term system performance. The sensitivity

study indicated three parameters upon which the performahce was highly

sensitive whe;eas additional system parambtershad negligible effect on
,r-

perforthance relative to 'these three highly sensitive parameters. These

parameters are summarized as foflows:_ -

COLLECTO4'FLUIb CAPACITANCE RATE
.r

The product of the mass-floW rate and the specific heat of the

transport medium through the collector strongly affects the heating

system performance. Duffle and Beckman (Ref. 2) have shown that t

optimal collector fluid capacitance rate is infinitelylarge. Ho ever,

the dependence of system pecformance'on the collector capacity rate is .

asymptotic and only a snr.11 gain id energy collection rate is realized

if the collector fluid capacitance rateper unit area is.increased when

the collector flow factorAdefided belowliomeeds 10. /

-

F
F' = FR /FR

A
/FR

c15)c
1 -% exP ((th Cp)c

-ULF yl

tow collector fluid capacitance rates, t is, rates-for which F'

is, less than 5, alsO result in: reductions o energy collection; the

.nominal* value for collector fluid capacitance rate was selected as,

210 kJ hr- 10C -1m`2 (10.28 Btu -ter -1 °F -1 Ft-2) -for the study.

303
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\* .,

STORAGE CAPACITY
\

lVp

.'an

economic of soi a r h. e, ai,ing systems; a.f an d .Tyb6Ut -(Re f. 3)

/
concluded4tatthe storage tank capacity thatresulted in minimum cost

tolarlieatirib was iiithe,Papge of 200 to ;300 kJ/ o. C (50-75 kg of stored
. _

wati'r')-t:per%square meterof collector area: .That is the equivalent of
,,

. ...

1%25 t 'allons of water per square'foot of collector area. They
, JO

also indicated that the performance .of olar heating systems is rather
, ,

..: s
- . . *,

inwnsitive to the amount= of storage capa thin this'-general range.0
.

,;

-These rgsultseare valid so,long as one isnot considering seasonal
. .

. ,
,

16 ' storage? that ;is, stordng summer heat for use in the winter,. Results'- .

-
from simOatiOns for . several different storage capacities,capacities, are, in general

agree with the 18f and TOout study and are shown in Figure 7-2.

nsequently, a storage capacity. of 80 kg,water/sq, meter (2.galons

water/scivft. !)was used in the study to develop the generalized per-

formance curves.,
i

,.., _.--

k

1s %

- LOAD HEAT EXCHANGER SIZE ,

. ..
(dimensionless parameter (.t

L
C
min

/UA), where E
L

is the effectiveness /
1110, . y.

of the space hAfing load heat exchanger, C is the minimumhcapacitance
min

. I../ "4Ar. ... .

rate in.the load heat Axchanger, and UA represents a constant character- /
--../,

. ', ..4-, ..,

izingtspace heatiload, was founto provide ameasure'of the size of

...---1.'.
.

II ..,

heat exchanger needed in order-to supply heat to a specified-tuilding.
,

,Figure 7-3 indicates ilVw-he performance ofaspace heat system it
Y

related'to this parameter.. -For values of this parameter 'less than 1-,
; -

the reduction' in system perforpance due to haeng-a.heat exchangel-

fat, is too- small. will be iappreciable., Valuei for thislarameter;b

and j'should tie used for optimal performance. Consequently, the

.egeneraj)zed wformance charts were developed utilizing a valuelohis

." parameter-eqbal to 2.
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CORR ATION OF SYSTEM

,
rhe correlation of f,

Oi

.

he fraction of the onthly'Ioad supplied by solar,
.; .

0.

P

to various system parameters was investigatedsby. maid more .than 300 *1

- . s

simulation studies, each of whicli estimated month by montk system .-

r i
i'

performance by performing ,calsulatio0s at half -hour inteua. using ,,
-..

meteorological data for an average year forMadisonWisconsi

The results of. these studies are shown .graphically in Figpre. =4. c .

aa
This chaq may be used to estimate the perforTance'of'a sOa heating

system, month by month, as a:function of the system design a d

weather conditions.
c.

..*
,

,

Although the' f curves slioWn in Figure'7-4 were develope
4

simulation results for Madison, Wisconsin, climatological' data studies

have indicated,:that the performance chart can be appiied or other °
. .

'

using

locations with- satisfactory results.

,

,

The application of the performance zhart on Figure 724 will. ,

1
. .

..

be illustrated in this.sectibn by conidering,the,desigp of A
..

r *

residential-type-structure in Indianapolis, Indiana. Suppose that

0/
APPLICATION OF TIJE PERFORMANdCliARrce'''

' TO A SYSTEM DESIGN ,
,

;

I

a

141

,,the design heat loud is found.to be 61,000 Btu/hr at an ambient

temPratureof 4 °F. This results in .a 24:000 Btu/degree-day house.

The monthly and annual, heating load5, may be deierMined by referring to

Table 4 -5 to obtain an estimate_of'the degreedays/month as well .as the

. .

,annual degree days for Suppose, that the service

water heating load-is estimated to be 86 gallons per.day.to be rai's'ed

from ;52 °F to 140 °F, and this does no hange throughout the year

308
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-Flat-plate...collectors are'tel.be'used,and the design characteristics

of these collectprs,asdetermfried fgom'a collectyr Performance curve, are

4

= 0.86 OU/hr-Ft2 °F

Ta -7- 0.72

Also suppoviHtH.4t the other required system parameters are
r

(M Cp) /A = 10.2813TU/hr-Ft2

tP)s/Atf 12.05 BTU/hrcFt2

= 0.70.Cc.

,. 4.

Then

I

Therefore

and

ti

FR'/FR =
qt-8481 ( j 1) =. 0.965

FR'FR UL 0.83
_,,

-

,F-' ta 69

A

ti

I

collectors are tb be mounted facing due south at,,q:s.,oPe.-

, equal to, the' latitude. The ratio of the storage tank lo th lector,
,

area is to be 80 kg water/sq, meter of collector (1.64 lb/Ft.2). *:
.

A
'The.calculetions are shown in' Tables7-1(a), and 7 -1(b). The

values forIT and KT were obtained from Table 1-1. The values for W
.

. .

were obtained from Figure 3-26. H
T
is Otained from TA: The degree

. .
. , s

0 . 309
. .

. .
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X-

Load

Figure 7 -4. f-Chart for Liquid-Based Solar Heating stems

r
NOMENCLATURE

16

collector area (m
2
)

fraction of the total heating load Supplied by solar energy each month

collector efficiency factor ,

a modified collector efficiency factor %hjch'aecounts for the pena'ty in energy collection imposed
by the use of a double-loop flow circuit .

F' r I 1

R
, R L - 1)

f rmr pTc minec

total space and water heating loads for each calendar month(k4

collector fluid capacitance rate (kJ hr-1 C-1)

minimum fluid capaCitancg rate through the collector tank heat,exchanger (kJ hr-1 C-1)'

total radiation per unit area incident upon the collector during each calendar month (k1.1 m-2)

reference 'temperature (100 0

collector Overall- energOcss coefficient (kJ.hr- C .m 3
1 -1 -2

number of hours in each calendar month (hr),

effectiveness of the collector- storage tank heat exchanger
/

.

average product of the cover' transmittance and the collector plate aborptante

310
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TABLE 7-4(a).- Load and Meteorological Data

MATH
VI

Btu/FT2-

v
"T It

t1.1.

Btugt2 0

1-it

4)F

r 1
'CIREF-'e

LH

Btu
10 6

1
Btu S

10-6 Btu /Ft2

JAN 526 .380 1.58 831 1113 29 183 26.71 28.45 25761

FEB l 797 .424 1.47 1172 9i/i9 31 181 22.78 24.52 32816

,MAR' 1184 .472 1.23 1456
.

9 39 173 19.42 21.16 A5136

APO 1481 ".`470 1.04 1540 32 51 161 10.37 12.11 46200

MAY 1828' .5110.93 1700 177 59 1S3 4.25 5.99 52700

2042 .543 0.4 1797 39 64 148iiJUtt 0.94 2,68 53910

JUL 2040 .554 0.90 1836 . 1 65 147 0 1.74 56916
. /

AUG "11836 .552 0.99 1814 /0 65 ' 147 0 1.74 56234

SEP 1513 .549 1.16 1755 90 62 150 2.16 3.9Q 52650

OCT 1094 -.520 1.42 1553 X316 55 157 7.58 9.32 48143

NOV% 662 .413 1.54 1019 723 41 171 17.35 19.09 30970

OEC 491 .391 1.85 908 1051 31 181 25.22 26.96 28148

157.66

-TABLE 7-1(b). Fraction of Load Supplied by Solar

"4MONTH

JAN

FEB

MAR

APR

MAY

,JUN

JUL

AUG
. .

SEP

-.

-NOV.

OCC-'

F
R
'yr

REF
-T. )

at/L FT 2.

103

F
R
1-71 S/L

FT-240-4

, -

Land Y Values

500Ft2

Y

750Ft2 1000Ft2

x I

-3.97 6.25. 1.985 .3125 2.98 .47 3.97 .63 .18 .30 .35
,...

4.12 4 9.23 2.06 .46 3.09 .69 4.12 .92 .35 .47 .58

. 5.05 -e. 14.72 2.53 .74 3.79 1.10 5.05 1.47 .54 .67 :85

7.94 4. - 26.32 3.97- 1.32 5.96 1.97 7:44 2.63, .78 .95 1.0Q

15,77 , 60.71 7.89 3.04 11.83 4.55 15.77 6.07 1.00 1.90 1".90

33.00 ' 138,8d 16.50 6.94 24;75 10.41 33.00 13.88 1.00 t.00,t.00

5Li7 225.70 26.08 11.29 39,12116.i2 52.17 22.57 1.00 1.00 1:00

52.17, 223.00 26.08 11.15 ;9.12 16:72 22.98 22.30 1.00 1.00 1.00

22:99 93.15 11.49 4.66 17.24 6.99 10.40 9.12-1:00 1.09 1.00

OLT 10 .40 35.64 5.20, 1.7g 7.80 24.6; '6:35,3.56, .92 1.00 1.00

. 5.35. 11;05 2.68 ..55 4.01 '..83 4:15 1.11 .33 .50. .60

4.15. 7.20 . 2.08 .16 3.11 .54 :72 .26 ''.32 .39

Y

f-Fraction of
,Load Supplied
by Solar .

50017501 1000

YEARLY FRACTION - ..45' .57:.64

YEARLY FRACTiONog ; MONTHLY LOADS BY SOLAR
'E RONTHLY LOADS
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=

a.

s were determined from Table 4-5. The average ambient temperatures

wee determined from knoWing the d6gree days per month and applying'

day

equation

la 4

so*

_
T = 65 00/n 7-14)

.

where n isequal to the number of days in the month. The heating load,

L
H'

is obtained from the product of the degree daysand the design
.

( ..

heating load for the hosuse:
4

..

. A service hot water 'load as included in the analysis; It was assunted:
.

that the service hot Water load would require 80 gallons per day-to be
. A .

raised-from 52
o
F to 140 °F. It was 'assumed that this load was constant

throughout, the year. Thus,

LSHW
(80

day gal 'l
) (8.25

(1

b

Btu
) (140-52)°F (30 days),

- F

oty

1,742,400 BTU/month, ,

k/

This '/alue,was added to the heating load to obtain the total load, L, for .

,each month.

The -value for the total racliatiOn on each square foot of the

collector,for.each.month, S, is obtained from the produCt of HT and the

number of days in each month.

The abscissa and ordinate (X arid.Y) values for the f-chart,

Figure 7-4, were ,calculated for.. collectors of 500, 750, and 1000 Ft2

rising the values-calculateArOm'abive: The fraction of the load, f, supplied
..

by solar. for each:month was determined from F,igure 7-4 using the
'

t-
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calailated values for X and Y. the figures shownon the bottom row

.

of the f-cOlumn on Table 7:1(b) represent the fraction of the'

annualload.stipplied.by
t

solar for each size. of collector array coRsidered.

-.0 Thf-cnart-curves were,develeped using-R6inal values for storage

capacity, collector-to-storage heat exchanger perforE6nce, an?load

'heat exchanger performance. The corrections that should 66 made to. X,-

and Y for systems that vary from the nominal values useciirTthe develop-

merit ofthe curves Are given in Figures 7-5 through 7-7: Figure 7-5 may

be used to determine t4 correction to X To
(1.

variations in the storage

size from the nominal,value Of 2.gallons of water pet square foot of

collector. Figure 7-6 may be used to determine the,correction to rifor

variations,in the load heat exchanger factor from the nominal value, of 2.

Figure 7-7 may be used to determine the value of FR'/FR in terms of

the collect& heat exchanger factor.

A similar study- was conducted for an air heating sytem shown in

Figure 7-8. The resulting f-chart is shown in- Figure 7-§,:- The axes are t'
.

, .

similar to 'Figure 7-4, except there is no heat exchangerlOomcollectOrt'

. to storage and
c
is takento be 1.0. The correction faktors are shown

in Figures 7-5 and 7 -10. "Figure` ? -5 may be used to determine tyhe correct-ion

to X that should be applied to systems having storage' sizes that differ

from the nominal value of 0.75 cubic feet.of rocks per square
it

feet of

collector. Figure 7-10 may be used to determine the correctiom t4,X that,

should be applied to'systems having collector ajr-flow rates that vary

from the nominal value of two standard cubic feet per minute -(SCFM)

per square foot of collector.

For either air or water system,,the values for-FR,Ta and FRUL may be

obtalined in the manner "illustrated by Figute 7 -11 if test data for a-

-giveri collector are available' All th-at is necessary*is to plot a straight

line through the data and read 'FR T
*

a from the y-intercept. The value for

FRUL it determined by the slopeOf the straight line.
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/
:

;'AUTOMATED USE OF THE PERFORMANCE,CMARTS

The calculations required, for use of theoperformance charts are

tediousrthe efficiency. of ,the calculation process can be improved .

significantly by'aUtomating the

curve-fitting ;programs the_ follo

,

fdr the f-Charts for-water and a

alculations. By means of Standard

ing r }ationships have beaNbtained_

r systems, respectively (Ref .A 4)./ ,

f
w

= 1.029Y - 0.065X - 0.245Y2 + 0.0018X

f
a
= 1.04Y - 0.065X

This quatius may be used ,ins

va for f.

A similar equation has bee

/(haOng the cohfigurations shown in Figure

air pr.water equations may be u ed,but a

made` The correction is given s

2
0.0215Y

3

.159Y2 + Q.0018 X2 - 0.0095Y
3

ead of the

developed

Service Hot Water Only;

AFR'Uot 111.6 + 1.18 + 3.816 T

X

SHW.

c

harts to obtain approliriate

for potablk hot water systems
- /.'

7-12(a) and 7,12(b). The

c

(7 -15)

'(-7-16)
. .

corrections to X must be

114
L

ui
2.32 4r

Tvi . is hot outlet temperature typiCally L40,/°F

4//
Tm is sold inle4 tempgrature typically 50 °F

TA is the average o oor aii/.temperat

L
SHW

is service hot waterload

c.

°

%.

:321

4



t'y

7-23
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The complete procedure has been automated on the SR-52, HP-65t.

and HP-67 programmable hand-held (Ref. 5, 6,4) calculators. In

addition, the procedure has also been programmed for a -small digital

computer. A-sample output from the digital computer program is shown

iQ Figure 7-13. This program, and similar programs, will be used

during the design sessions of Modules 18 and 20.

INTERACTIVE PROGRAM

An interactive version of the design chart procedure that was

discussed in the previ* section has been developed at the University
.4

of.Wisconsin. The program contains Climatological and solar data

for 112 locations in the United States and Canada.. The program determines

the performance of a solar system in any of these locations. The

- percentage of the load that will be supplied by solar for each month is
-;

determined. The user supplies the collector parameters necessary for the

program; these are FR' (-r(a) and FR' UL., The collector is'modeled-
_,

according to the equations presented in the earlier section. The user

."
also .specifies (tile slope and area of the collector array.

buildingheating Toad is determined according to UA oT calculation
= ,

or is specified, in- monthly values, by the 'user.' If the load is to
,

be calculated, the user must provide a UA value in kJ /hr - °C for the
... I . tr

building. A service bcit-waten load may'also'be included. The user

must specify the amount of service hot water (kg/day), the water set,
--

temperature ( °C), and the water main temperature ( °C). Internal heat
i i . . (,

generation from lights, people,, etc., may also be specified in kJ/day.

e

These factdis've used in the program to -determine the total load.

a

.323



LATITUDE*= 39.7

COLLECTOR AREA = 505.0 SQ. FT.

PLATE ABSORBTIVITY = .90.

OVERALL LOSS COEFF.UL= .97BT6/1-112-$Q.FT.F

'CAPACITY RATE OF COLL. FLUID ?= 7.0 BTU/HR-F-SQ

EFFECTIVENESS OF COLL-TANK HX = .70

DOMESTIC USAGE PER DAY = 80.0 GAL/DAY

DOMESTIC'TANK TEMP = 140.0 F

FUEL COST = 18.00 S/MBTU

COST OF INSTALLATION = 16.0Q $/SQ.FT. COL

STORAGE CAP. TO COLL. AREA RATIO=

'ADDITIONAL EQUIPMENT COSTS =,1400.

MTH SOLAR MONTHLY SOLAR
*RIZ AVERAGE TILT
BTU ;12 .BTU

Q . FT . -DAY SQ.FT.-MTH

DEGREE
DAYS

,COVER TRANSMISSIITY 7 .94

CO,LL. EFF. FACTOR:.FPRIME = .92

FT. COLL CAPACITY RATE OF STORAGE FLUID =

HOUSE DESIGN = 24000.0 BTU/DD

;40MESTIOSUPPLY TEMP = 52.0 F

COLLECTOR TILT = 39.7 GROUND REFLECTIVITY ,20

8\2 BTU/HP-F-SQ.FT.COLL.,

ANNUAL CAPITAL INVEST. CHARGE = 0.90

LB WATER/SQ . FT COLL

MONTHLY- .

AVERAGE
TEMP

MATERIAL TANK COST = ,120 S/LB.STORAGE

1

MONTHLY IX

TOTAL

LOAD 4-

1 { 741.0 14.81 41515.53 1132.0 / 28.48 28968480. 1.8974 .503

2 988.0 1.52 .42119.19 938.0 31:50. 24138240: '2.022 .631

3 1478.0 1.26 57831.44 887:0 36a.,- 23088480. 2.278 .879

4 16 6.0 1.03 52275.17' 558.6 46.40 151344,00. 3.171 1.212 /

5 16 6.0 .90 47454.70 288.0 55,71 8712480. 5.372 1.912

6 19 .85 495&3.32 66.0 62,80 326400. 12.998 5.232

7 191 .88 52034.29 /6,0 64.81' 1944480. 22.667. 9.393

8 16180 .97 48608.88 /./ 9.0 64.71 016480. 21.872 8.462

9 1519.0 1.16, 52834.33/ 117.0. 61.10 4550400. 9;610. 4.076

10 1143.0 '1.44 56911.66 428.0' 51.19 t2072480. .989 1.480

11 818.0 1.74 42807.39 819.0 37.70 21398400: lt2,160 .702-

12 671/.0 1.92 -39939.86', 1035.0 31.61 26640480.
./

:028 . .526

YEARLY DOLLAR SAVINGS = $756.63 WITH .547 OF THE REQUIRED LO 8 RRI8 BY SQLAR
Figure,7113. Sample Output'

'324

PERCENT
SOLAR

I I

L340

.420

.594

.740

.920

1.000

1.000

1.000

1.00Q

.825.

1..468 ,

.351
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TABLE 7-2

SAMPLE OUTPUT FROM INTERACTIVE DESIGN PROGRAM

CODE

FRPRIME --TAU--ALPHAPRODUCT

./(1
FRPRIME --UL PROdUCt

VALUE , UNITS

695
16.900 KJ/hr-C-M

2

18981000 .KJ/hr-C-
.

300.000 KG/day

60.000 . C

11.000 C

40.000 DEGREES
4. t

1 IND

69.750 M2=750 Ft
2

0.000 KJ/day

2.000

.1.000 --N._./

3 BUILDING UA

4 HOT WATER LOAD :

5 WATER SET TEMPERATURE

' 6 WATER MAIN TEMPERATURE

7 COLLECTOR SLOPE

8' CITY ABBREVIATION

9 ' COLLECTOR AREA

10 CONSTANT DAILY BLDG HEAT GENERATION

11 AIR SYSTEM = 1, WATER SYSTEM = 2

12 PRINT OUT BY MONTH = 1, YEARLY = 2
% -

V

TYPE YES IF YOU WISH TO CHANGE VALUE(S) IN LIST OF SYSTEM PARAMETERS

TYPE CHANGE IF YOU WISCI-0 CHANGE MONTHLY LOADS OR VALUES OF REFLECTIVITY

. ...

OTHERWISE TYPE READY'OR STOP
.

READY

DO YOU WISH TO HAVE YOURVALUES ftLISTED-YES=1, NO=2
/

2 -

INDIANAPO IN 39.44 .

TIME PERCENT INCIDENT HEATING
SOLAR

..... 5
SOLAR (MJ) LOAD (MJ);

JAN 27.6 '21.54, 28.17

FEB = 40.1 24.66 24.02

: MAR . 62.1 33.91 -

APR 88.8 34.79

...20.47

10,93

MAY . 100.0 ,39.89 4.48

JUN 400.0 40,64 .99

JUL 100.0 42.64 0.00

AUG 100.0 41:49 0:00

SEP 100.0 39,09 -2.28

"OCT 99'.6 37..03 8.00

NOV 46.1 23.67 18.30
.

DEC 25.3 19.58 ,46.60

.YEAR 52.4 398.93 144.22

Alig,

-.-------32-6

MATER DEGREE AMBIENT
LOAD(MJ) DAYS(CI-day) TEMP.(C).

, 1.91 618. -2.

1.72' 527. . -0,

1.91 449. 4.

1.85 240. 10.

1.91 98. 15.

1.85 22.
...

18.

I

-,91 '0: '18.

'1.91 Q. 18.
.

1.85 . 50: 17.

1.91 176. 13.
.

'1:85 402.

1.91 584. -1,

22:48 3166. '1"
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Filially, the user specifies whether the system being considered is an air '

or water system and whether the'printolit is to show monthly or yearly results.

A sample output from this program with monthly results is shown in Table 7-2.

_Economic considerations are also included in tne program. The

user hasthe.optionfof having the ptogram detqrmine the optimAtcollector

,size.. The optimum is determined on the basis-of minimizing life-cycle

costs:-

.

SAMPLE DESIGN CURVES

The interactive program that was discussed in'the previous

section has been used to develop several design curves that maybe used

for collector sizing when using two-specific collectors, one for air
'

(SOLARON) and the other.for water (PPG). These curves are,shown

in Figures 7-14 thtough'7-53. ,They. were developed for the air Old

-

watet.systems in the ten locations indicated and tilt angles equal to the

- ,.... . I

- latitude and the latitude plus 15 degrees. They provide thganlival
. /

,

fraction of load 'supplied by solar as a funCtion of the house design

heat load. For example, suppose we havq a 15,000 Btu/DD ho =use to be

lOcated in Boulder, Colorado. We see mmediately from Figures 7-14

and'7-24 that p'500 Ff2sOLARON coil ctor-would provide,between,70

and 75 percent of the annual heati g

,The detailed design methods presented in this module-may be used

to construct, detailed design c rves for any given collector type in an2
.

desired locair tion. These cur es may then be used in combination

evnomic analysis to determine the final system design.

--A: .

327
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THE'INTERACTIVE.P-CHART PROGRAM

v

The interactive versiOn of the f-chart program maybe purchased

from the University of Wisconsin - Madison by contacting Professor

V

Beckman or Duffie at the s.SolarEhergyLabpratary. We illustrate4 , .

its use and make it available during some of-the.computation sessions..
4

The descriptions of va'riabl'es and a program wuksheet.are,given as

410

-I

o

cw

.
.

s.
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Variable Description ..

.

4.

1.'1,Air,Systeta = :I, Liquid System =. 2 .
.

. :.... 6
.---166 a

4

., . The f-chart Iirogram can predict the performance of two types ,of solar / 1

domestic water and spaCe heating systeMs. These "stablard'systems use it, .y .

either air or a liquid as. the'transfer fluid and arse illustrated in Figures 7'11.* $ ,

d .7--£3. .-Solar" air or liqUid-baseds systems, which heat domesic water ex- I
usively can be modeled simay by.input(ting a' space heating load of zero.

...,

space heating- only 'systems, iniut a water usage rate of zero.

. , .. ce,.. ..

2: Col lector' Area I ' r
N

. ''''i
1.,- ,

The .diea of flat-plate collectors in your solar heating system v, ,1,,
s

. ,
j. F' (

R N t -.. 0 ,
If flat-platd, col 1 earli'llexperimenta.1* performance data are plotted as

collector efficiency (II) vs (Tin-Tarnb)/S,a straight line, can usually be

fitted to the data_ points., Assuming that the data were taken with a specified
`fluid capaqitance rate. (liquid' collector 210 KJ/hr-°C-p2, air collector 45
KJihr-°C-m);and. with:all solar radiationpat normal incitence totIle plane
of the collector, the ,intercept of.t,tyve; straight line with the ri-axis is" =

4' FR (*ICON _FR is, the collector heat 'removal factor, (TcON is the trans= .

mittance-absdrptance .prOdutt of the col lector cover systeM at noemal
, intidence.

, '
r 1 FR FR- which in liquid-bs3s0 systems accounts for the ..

effect of the collector -to- storage heat exchanger. Fn air systernsFR = Fill,

since there- is no heat exchanger. 14FD can be calculated as follows:, 06. i N. ' .f

,Ii.
FRU LA, iliC )c ° il tp;-1

p c .

,
.

,. p.m.in r jc
.

i
a . %

r , .1`."' o. . 4
'

..
,,

-
r FOic,)

N
=. F

R
(, H)

V
x' FR

/FR

I

tiv

For nomenclature definitions,isee "A Design-Procedure for Solar iieatjng

Systems" .by-S.A.' Klein; W.A. Beckman and JA. Dufie (Ref.

,

' '. SuL tb.

-- _.

'' '
.. '. .; iri' ..

L is the slope- ofuthe straight line n vs (Ii :-T 4h.)/S Not, if `the e
n amb'

-. plot, obtafned as described above. i
%

Ili ; ' '

= FFR UL
R
U
L ts, R r

F.

0

:329
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5. iNumber of Transparent Covers

. .

Thies refers to the number of glazinp over the collector. The pro;
gram 'assumes each cover is glass with -alispetinction coefficient-thickness
-product of .037. This -information" is used to calculate gle of incidence

on the transmittance, of glats. "

te

.

-

6. Collector Slope

,

The angle between the Plane ofthe' collectors and horizontal.

Azimuth An'91e
At

4

:The' angle.between theThorizontal projection of a ray nor11144, t o the
plane of the collector and due south- Weesf is .positive; east is negative. °
, ' -,,, . *

.

',
It, , ; . ._

'. 8. Storage Capacity
t -'

'...S

, .WI The energy storagg capadi of the storage unit qodrsolar ,.
,systen. " - .. .

.

..

A r A

V
9. Effective.Building UA

9 -
- r. 41, .

iUA is Calculated as-the:effective design space-heating loadjdivided.
. . .

. -

by the ddsign temperature differe40-(indoori9inUs ambient). The ,effective
de§rgn spade-heating,oacr.ihouldillhclude infiltration and ventilaf4o0 loads .A.

but should not rake credit for heat generation:10thin the,spaee. The monthly,-'
space-hVing load is then

(
:

...

r
. LORpr =',(14(deg-dayslmonth)liggrs/day)

4P. . . , ,1 / *.
a

\1 ..10.'.,44415.fant flatly Building Heat Generation- PI

,
. . 6.

,
The user May takekci-edit for heattgeneNtiskri wi;h)n he space by

typing in 0 daily .genertion ratk here ather 'flan Includina_it in the
building .UA. This is actoa.11y,eliore correct way of iinclueng generation .

,because'UA should onl.include' energy losses orPgains which are depencient ,4,: '.

; on -ambient temperature. -
. .

. .. .

.. . .

.

`

I

Degreetdays, ttsed 'to esfimafg 'the load from
indoor temperature to, pirtial ly. account for.- heat
credit for additional heat.generation

.

loads for residences.

11. 'Hot...Water Usaoe , 0

° / . . ( /
Ipreheats

A ,,
1 4

f your solar ,system s water for° dpmeWo br,p1=Oce
''use, this input is, the average hot water k:usage rate: °

# "

tt.
UA, tire bised on a ,65°F ..

generation, Consequenti
not taken when calculatillg. ,. .

r. o ,,

.

. .

12. Water Set' Temperature , ,
. -

4,, 44

.-

'
!.

This" 's the tempergatur., e./.which hot water must be s
,

taps 'or, .prooess: ,

s wOer,

.0.

lied 6Ato
I.

.

1

ikir-*4

ta. S .
'

>c*--
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rt

13. Water Main Temperature ,
-MI ...

. .0,. .

This is the temperature atwhich Water enters, your system. t is
.

usually the well water temperature or city mains Water temperature.

14. city tall Number

The city cal? number identifies the location at which you want to
make calculations.. The first time you use FCHART it is recommended that
-,you ask theprdgram to give you a listing of available locations, all of
which are, numbered with a city call number. Keep this listing for, future
reference.

k

15. Print Omit ByMonth = 1, By Year = 2

'The results of thethermal anal is can be printed out by month or
in yearly totals.

16. Economic Anal sis? Yes- = No = 2

" .

.Irdesired, the program will rform a- life-cycle cost economic
analysis 400ch .compares the costs o the solar- assisted system with the
costs'of a conventional system on a p esent value basis. The prbgram
estimates the timing and amounts of annual cash flows using tp'e following'
eqdAtions.

.

410.
Tio

)"?..
-4 yeaxly cost = mortgage + backup system + mi-sc! + property tax - income tax

%With solar Tayment fuel costs costs increase decrgase
with solar

yeanly cost = conventional system - income tax
wo solar iuel,cost decrease'

w/o solar

The termsrSre defined in the following. It is assumed that the solar
backup system is identical to the comfttional heating and domestic water
system. Therefore only' the additionalJnvestment due to the solar system
need be considered in the analysis.

.

if'an economic analysis is not desired, parameters 17through 38 are
ignored...

II.
-

. ,

17. Use Optimized Collector Area = 1, Specified Area' = 2
i .

,...
#-

,

The User speCifies.colleCtor area via system parameter number 2.
-. -However,if an econopifcally optimizedcollectOr area is desired', the_pro-
_gram,ignores the specified' collector area and 'performs a numerical search

for aneoptimum area. The criterion used is to finafthe colle,ctor area
which minimi e the present value of all of the yearly costs of.the solar-

1a'Ssiste'd sy,$t over the period of analysisur,

...: ,'. - ..

18. Period- of the Economic Analysis %. .. .,,
.._.1 _

kr .

*, - :this tafies the-li4wber of.Years'over which the lifJ-cytle cost -

.analysis wi:14 be,performed.
/

. f
. .

. ,

331
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19. Collector Area Dependent Costs'-

Some Of the extra costs of
,

a solar heating systtni above the conventional
systein are Icol lector area dependent. These include the costs of storage ,and of

, the eotrector. ,,

Y

20. Constaa Solar Costs

This refers to extra costs of solar heating systems. above- the con-
vention01 system which are not dependent on the- collector size. E'<amples
ate costs for architectural modifications, piping or ducts, controls, and,.
pumps or blowers.

21. Down Payment (% of Original . Investment)

The original investment refers to the extra (investment required to
put irclihe solar system. Therefore the % which is paid down on the solAr
system-equals the ratio of .the incremientai increase in the down payment,
required "by-the lender to the incremental increase in the -size' of the
lo6rY required due tb the solar system. '

22. Arm& Interest Rate on Mortgage (1
r . .. . .

4. This is the annusaifinteret 'rate Charged by your lender..
.

23.
,;

....

.
.

:Term of the Mortgage , °,

,

.

.

-,

.4. .

:

,. .

.The number lof3years oveP wh ich you must pay off the loan.
....zi,,.:Ii4... .

24. A nfual NomjpeMmar, ket) Dis54110NRate.

T efers,tvthe annual rate: of re urn which, vou make with your .
f .

money in.Your best -fnvestment,Agortunity.F The annual nominal or market !.
rate of return equal 4he real rate of return plus the general inflation

4rate. Forlthe typical homeowner "the real rate of return is 1-2%* for
business,a74%. .. : . ,

,
. ,

4

25. 'Expenses (Insuranceoafhtenancej of System in First Year

All additional: yearly expenses due to the solar system which-cannot .

beinput anywh else should be included here.

26. Minya]

Allowance celn

and "maintenance c

parameter.

27. Present Cost of Auxiliare*el

ncrease.iii Above Expenses
.

,

e made for tht annual rate' of therease of insurance
s (i.e. the general inflation rate) via -this

This is the actual ,pre Ent to'st of the backup system fuel, times 100,
,

divided by the efficiency of the ba system.heatiny unit. The actual

dpresent cost of the fuel should inclu t any -fuel Adjustment charges'beyOnd
the standard rate.

332k
r
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0 28. CF Rise:' Linear = 1, % /.yr. = 2, Seq. ofLValues = 3

The program user, may allow fuel costs to rise in any of three posSible
'ways so that any scenario.can be investigated. These, increases should include
general inflation plus any net increases in fUel eosis.

61.

29. If 1, What is the Slope of CF Increase?
1

II a linear fuel cost rise is assumed, the slope of increase is
required. Otherwise this parameter is ignored.

30. If 2,-What is the Annual Rate of CF Rise? 10

If aWyr. fuel cost rise is desired, the4pnnual rate of fuel
cost increase must be input here. Gtherwisi this parameter is

ignored.

,

31. Economic Print Out by Year = 1, Cumulative = 2

If a yearly print out is desired, several cash flqys are printed'
each year, of the economic analysis. If a cumulative pe/nt out is desired,
the present value of the yearly costs over the period are output,for the
building with and without a solar energy system. .

32. Effective-Federal7State Income Tax Rate

State income taxes paid are deductible on federal returns; therefore
the effective federal-state income tax rate is calculated as ,

. Effective Rate = Federal Rate-1-.S6te Rate- (Kederal,Rate)x -(S,tate Rate)

.33. True Property Tax Rate per $ of Original:Investment
.

Property tax rates are applied to yoUcrassessed value. Therefore
an estimate of assessed value as a percentage of original investment is
required so that r

Tax Rate Tax Rat '1' (Assessed Value" %

$0rigtnal Invest. 'Assessed Va'ue'x 'Original invest!

34. Income Producing Building?' Yes = 1, No. =.2'

The economic anelyse-for commercial and residerhial buildings are
different because" businesses benefit from more income tax deductionY due
to the ed4ed investment - required for the solar heating system. For the
-nomeowner,-interest and property'taxes paid are deductible on income'

taxes. For a business, interest-,, depreciation, fuel exAignse.s, property
taxes and maintenance and insurance costs are ,all deducfible.

If your building is not income producing and doe oti 'qualify,as a

business investment', paramet9rs 35 through 38 are ignored.'

ri

k
,

338:
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:-The yearly cost'equations are given in thediscussitn below sys em
parameter 16. For a non-income-producing building; such bsa resid nce,
the in6ome tax terms'are given below.

, ,
> A

,

,....- income .tax 'a tax x{inter'est, paid + property tax31'd}
. 'decrease rate

with solar

income tax = 0,
decrease

w/o,solar

However, for a comMe;Fial building the income tax terms re 8's

follows:

incomtbtax =.tax x { interest + property +. misc4 + backur, syl.,+ depreciation} 91-
decrease rate paid tax expense fuel cosT

with solar, . paid . N

income tax = tax rate x {conventional system fuel costs
'decrease

W/o solar

Although commercial building owners have more'i4Me tax deductions due
to the solar investment than homeowners, they do not,,save as much in fuel
costs si,nce-fuel cost& are deductible whether or not they, install a solar
heating system.

4-
Keep in mind that the interest, property tax, miscellaneous expense,

and depreciation deductions refer onlyto the incremental increase inthese
deuctions due to the solu,investment. Therefore these terms do(not appear
ill the "without solar' income tax decrease eqUatidn.

k
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35. Dprc.: Straight Line = 1, Declining Balance = 2, Sum-of-Years

- Digits = 3, None= 4 (

'Any of the standard methods of depreciation can be used. Deprecia-

tion deductions due to the extra investment due to solar are calculated

in order to estipate.the income tax-savings.

36. If 2, What % of Straight Line Depreciation Rate is Desired?

'The federal government allows several rates at which investments
Scan be written. off using the declining balance method. ,-These, rates are

expressed as the %,of straight line depreciatiOn rate allowed.

37. Uses Life for Depreciation Purposes
."`iThiS is the length of time over,which you intend to depreciate-

out your investment.

38. Salvage Value at End of Depreciation Period

An estimate of the system's salvage'valueat the end of the deprecia-
tiO peri'od is required in order to calculate depreciation.
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F- CHART PROGRAM WORKSHEET

CODE ')AR\E.--.tiLE DESCRIPTION

1 AT.''.;YS7Em.1-17LIGUID SYSTEMr.'
2 'COLLECTOR AREA

_

M''' FT2S. FRPRI'ML-IesU-ALFHA PRODUCT(NORMAL INCIDENCE),
4 FRPRIMS-Yi. PRODUCT... *. . KJ/HR-C-2 . RIU,H--7--.S dp_NUmBER OF TRANSPARENT COVERS ,

6 COLLE;OTOR SLOPE , DEGREES 1.0.-.-iEr:
7 AZIMUTH ANGLE (E.G. SOU1H=0, WEST =9v) DEGREES TIL1-6REP=3 STORAGE 'CAPACITY KJ/C-M2 8riJ/F"---'? EFFECTIVE BUILDING UA....,

;\J/! R-C s IJIU/HF-=10 DUNSTANT.DAILY BLDG HEAT GENERATION .... .KJ/bAY BIU'05:-'v11 HOT WATER USAGE
L /LIAY (W/Dr,-12 WATER SET TEMPERATURE C F .13 WATER MAIN TEMPERATURE .

,

C F14 CITY'CALL NUMBER
15 PRINT OUT BY MONTH=1. BY YEAR-n.
16' ECONOMIC ANALYSIS ? YES.LIf y NO2NO-n

.

v
17 USE OPTAED. COLLECTOR AREA=1, SPECED. AREA-.2. , ,---

.

w
LB PERIOD OF THE ECONOMIC ANALYSIS YEARS YEAr;:S_ 19 COLLECTOR AREA DEPENDENT' SYSTEM COSTS 3/M2,COLL sic C:L_20 CONSTANT WLAR COSTS,

t . $ $21 DOWN PAYMENT (Z OF ORIGINAL INVESTMENT), ..... ..,

,.. 0.
.

.,..,
n

ANNUAL. INTEREST RATE ON MORTGAGE.. ... : ... ..:
,

23 TERM OF MORTGAGE
Y'AkS 'YEARS-124, ANNUAO NOMINAL (MARKET) DISCOUNT RATE .
7. I.25 EXPENSES(ENSUR.:MAINT.) OF SYSTEM IN .1ST YE;11-: $ ,28 ' ANNUAL X INCREASE IN ABOVE EXPENSES
7.

.

27. PRESW COST OF AUXILIARY FUEL' (CF) - -$/i3J- $/m8ru28 CF RISE -: LINEAR=.1,%/YR.-1-2,SEO. OF yALUES=3 .. .

29'. IF 1, WHAT IS THE SLOPE OF CF ,INCREASE? $/GJ-YR $/MBTU-30 CF 2r WHAT IS THEAANNOAL RAI'E OF CF RISE
7.

'X.31 LCONOIC :'RINT OUT BY yuIR=1, cumuLArin..,2
32 EFFECTIVE FEDE'RAL-STATE INCOME TAX RATE \ 'Z 7.33 TRUE .FRCP." TAX RATE PER $ OF ORGINAL INVEST,

7. 7.34 INCOME PRODUCING BUILDING? YESp1yNO-2 .337.336 -rc-
.4.1 DPRC . : STR .LN=1 7 LAC . BAL . .-1.-2 y Sr1-YR-DGT=3 rNONE--A .
36 IF 2, WHAT % OF STR.N DPRC.RT.ISDESIRED?...'

% Z
'C.

37 USEFUL LIFE FOR DEPREC. PURPOSES...44. YEARS YEARS38 SALVAGE VALUE ,AT END OF DEPREC..PERIW $ ' f.
,op;

-

SI UNITS ENGLISH .1:N1 .
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IN, RODUCTION-

, This module presents a methodology that may be u.sed6towdetermine

the tconomicc 'O'''-f- solar heatin ystems. It aiso,presents current costs:..40

... , , . ......- - it _

figures for some-solar 5 stems utilizing both water air. ' .
.

r ______2-' .
.,

- - ,
'There are many different'approachei-that have been taken to deietmine

4 % ' -
veconomics of solar systems. Many'of these-have- been used to illustrate:

i 4 ,

favorable economics cif solar systems and are often unrealistic; The ./ °
. 4k >

,,

/methodology presented in this module may. be applied to any syst4m,and the
. .

.use can prOvide relevant cost informatiov: in his local.i.ty.

,
TRAINEE-ORIENTED ;OBJECTIVE

The objective in the module sis to present cur system costs and a,
f\

4

- methodology that will, enable the trairuae to determine theeconoNies of

solar sys

SUB-OBJECTIVES 4
.. ,", 4t;. , .

- , - - . -
f'rom the costs and methodology presented, thetrainee will be able to i ,e .

1; Estimate system costs .c
.

a
' . I ' .

44. ....: I N....0 ,

-2. Compare solar system: cqs4 wih ,conventional -sxstem'c'osts
- .

,,
. ...

-i3' Explain economic 'calculations to his ,cT,ie
aV. .

V.

SYSTEM CASTS ),

.-,- i %tilti . v-.
,

,a, . ,, .

E),/amin tion of the costs of a pumtAr-of solar sys 5 that have been..
I. , - I

'"" er *I - ,S . ' .
'''. . ..

Constri4ted within the last three' yeaTig-loaritates in§t#11ed system costs
,

4

1 r . , \f ', 4-
1

,. to bel appr xi ately $25 .per sq.Uare foot of colleCtor, This is based, .' .t

r r
[ . 1 .

:r k \ t' 4,.-
. 3

41k
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4

1

' 8-2

upon systems that have been designed to carry approximately 75 percent

of the total heating and service hot Water loads for single'faMily

residential type structures. This unit-installed cost applies to both"`

air and water systems, It is a current kdst (.1976)' based on Colorado

prices,and for detailed economic calculitions in other areas it is'

.

,cautioned that local estimates of system costs should be made,

Tatles 8 -_1 and 8-2 p esent actuJ cost data for a water system and

an air system that have een recently designed and installed.',Cost items ,

re included in the profit and overhead

figure.' Such costs are' real, however, and must be included in any

for drawings'and design time

.economic analysis. It should be noted that the collector cost shown in

Table 8-1 is below the average cost for collectors, and the ckntrol cost

exceeds the average cost for controllers. These tables do not include
,

fro -i-ght--c-harges, asithe,se_cha4es_wouldv_are§,pect to location.

They can easily reprkent a sfgnikicant addition to the total costs,

however. The size of the collector array is different for the*water

system shown In Table 8-1 than fore air system shown in Table 8-2

because of the different design heat loads'. lie ratio between design

heat load and colfettor size is comparab4e for the'two cases:

.

We can see from the two cases ill.. 4trated that the installed cost

of ,an air system is greater than_forethevater system. Howe'4er', some

adjustment in the unit cost Of the'smaller Mfr system should be made,

and it is reasonable to expeCt that for equivalent sizes the costs

ovould be between $20 and $25 "pliers per square-foot of collector.

The homeowner is most likely to think ofsolar'energy as a means of

,reducing future heating costs: What he Wouldike to do,is add the

initial cost of solar components to his mortgage and maket6 ddditional

mortgage payments from the future fuel savings.'
\',
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8-3

Table 8 -1'. Representatiie Distt for a Water System with
800 ft Collector

4

House Wsign Heat Load = 110,000 Btia/hr
/

41
ITEM

k

COST

1. CollectOri 4
,.

$1fr

$4,080

2. 1200 gaTlonsteel; storage tank (lined) 1,400

-t
3. Pumps - 350

86

185'

130

Featxchangers - 275,

185

N
5. Plumbing - 1-1/4" pipe

_ Misc. fittings
Valves\ .

1 -Flow regtilit-Ors

4,

4

745,

460

$ 6,68

230
220

536

TO
\ .

4,

Manifolds 180 .,
.

:Cu pump 100
Air vents 20

.... .

6% Controls anddi§play

7. InsUlation

8. Preheat tank

9. Expansion tank

10: Labor

1,148

-1,481

160

80

3,600S

11446

'\11. Testimg, balancing, adj/sting, and-
.

periodic checks 1,000

$.
Subtotal 15,600.

1 ,

12.' Profit and overhead (20% of $1.5600)
,

LI, 3,120

:TOTAL COST ,
.

$18,720
. ,

4

Instarled cost, per, inlft area of collector $23.40
\ .

1'

3 t?B
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8-4 .

1

Table 8-2 Rircespntative Costs for an Air System witil
390 ft of Collector

House Design Heat Load 42,0OO Btu/hr

I.. Solar equillment

collectdrs, cap strips, end caps,
air handler, controller, domestic
hot water package, butyl sealant

COST

$ 6,315.69

2. Engineering charge 400.00

.

-3. Storage
materials
labor

4. as hookup

5. Installation -

collectors ductwork, controls,
air handling unit, etc.

TOTAL COST '

Installed cost
4

pen unit areaof collector $27.94,
p

-500.00
-50.0.00

80.00

3,101.54

$10,897.23



8-5 f

The economics orsolar heats g will be evaluated foran actual

system under constructidn in th vicinity of Fort Collins, Colorado,to

d rmine e prosp ve f el savings would be sufficient to repay

the added mortgage costs. Th cost of the solar system was $12,000. An

, annual payment to repay $12, 00 over 25 years a.t 9-percent interest (the

. interest on the loan) is $1'21.68, which would be.$101.80 per month. The

annual payment may be det milled by use of the equation:

annual payrnen = (i/((1+i)n - 1) + i) ,x 12,000, (8-1)

,where i js interest ate expressed as a fraction,.i.e., 0.09. A,longer

term mortgage would secrease the annual payments as. would a lOwe'r interest,

rate. If the load '&lance (principal) is reduced by each monthly payment,.

the above equation yields $100.70 per month by using) monthly interest

rate of 0.75 perc nt.and 300 monthly payments.

ENERGY SAVINGS FROM.SOLAR ENERGY

, partic6lar house had a design heating load of 24;000 Btu pert

°F -day. Fort Collins has an average of 6,000 °F-days. Consequently, the
.

annual heat re uire 144`million Btu Per,yea. Energy input of

2,4 x'10
8

Btu per year would be requiied'aSsuming a natural'gas fUrnaeb

with 'a thermal efficiency of 0.6.
/

Natural Os available in Fort Collins has a-Btu oontentbf-880.8tu
. 1

,

, ,

,

per cubic foot when 'a local gas%rced at 1000,13tu per ,cubic, foot at

seahlevel is d -rated for the 5,000-foot elevation. Thus, the total gas.

" required'for heating this house with a conventional' natural gas heating

system is calculated at 273,06 cubic feet. An examipalion.of7current

rate schedules (1977a ) reveals the average 30,306 cubic feet required per

3 $,8



month over, a nine-month heating period would cost $38.96 per month plus
. --,......__

$1.50 per month over the summer months; or $355.14 per year at current

)

,

energy prices. ,
J

/
4 0- :, 1

Solar energy will supply approximate1480 percent.Of the heating

load; hence, it would save approximately $281.per heating season at

current-'natural gas prices. Unfortunately, tOs $281 annual' fuel saving

is along'way from meeting the extra mortgage payment of.$1,221.68 per

year.

Alternative fuels such as LPG and electricity make solalLenergy more

y.

attractive due to their.higher energy costs.' If electricity were used to=

heat this particular house, the annual electric cost would be approximately

$1,226 (at current electrical rates $0.03/kwh), of which 80 percent,
4

$1:013, could be saved by the solar system. The saving is'thus nearly'

enough to cover the annual Mortgage payment for a.solar system.

BREAKEVEN CALCULANONS

Energy prices dare certainly expected to rise in the future. Rather

than attempt to predict the rise,, one may kind the breakeven point in

terms of uniform annual cost for augmented solar systems versus conven-

tional. heating systems.

In Order to determine the breakeven cost, one sets up an equation'

containing the uniform annual cost of augmented solar heating on one.

'side of an equality and the costs of conventional heating On.the other *

side, as shown below.

s -
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BREAKEVEN COST WITH GAS

SOLAR CONVENTIONAL (GAS)

P

$1,221.68/yr for mortgage + 20 percent' 273,000 cubic feet of natural gas ,

8-7
N.

of co ventional fuel + electric per year

pumping\costs @ approximately

50 kwh/mo @ $0.04/kwh

,$1,221,68/y + (.2'O) (273,000 ft3/yr) ($X/ft3) + $2/mo (elec.') x 12 mo/yr

273,000 ft3/y (X/ft3)

$1,245.68 = (218 400 ft3/yr) ($X/ft3)

$1,245.68/yr = (21: 400) ($X /ft3)-
4

Breakeyen = $0.0057/ft3

= $0.57/100 ft3

Thus solar heatingtwould be economicalb, 'Competitive in this case if

- natural gas cost $0.57/100 ft
3

. How long it will take for naiural.gas
1

10- reach that value from its presentvaltic of $0.10/1 -90 ft3 is anybody's-
N

.

\ .

guess. A rough estimate can beade if one assumes some annual percentage

/ increases. A range of possible annual increases and the corresponding

years required to double, triple, and quadruple is shown in,the table,

below,

YEARS REQUIRED FOR A VALUE TO DOUBLE, TRIPLE, OR UPLE.

ANNUAL PERCENTAGE OCR SE.

5% 10% 15%

,

2X . 14 . 7 5

44 , 3X- 23 12 8

/ 4X "28 15 , 1.0

25%

(\ki 3

5

8 . 6

.

The.breakeven Cost for electrical heating for this arflcular house

is_shpwn below.

390.
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.
BREAKEVEN COST WITH ELECTRICITY

SOLAR'

.

$1,221.68/yi- for mortgage + 20 percent
.

o

A

electric:heating + electric

pumping costs @ app /oxi Y $2,6

CONVENTIONAL (E,J_ECtIC).-

. 42,192 kwh/y

($,221.68 $2X$12Y+ (0.20 x 42,192 kwh/yr) ($X/kWh) =

/P42,192 (42,192 kwh /yr) ($X /kwh)

__,// \10,245.68 + 8,438 X4= 4,192 X

33;754 X = 1,245.68 4'

iy

4F X = $0.0369/kwil 4

The above calculations indicate that natural gas prices in the Fort

Collins area must increase by. nearly 41/2 times over their present values

before a solar - system would become economically competitive with a natural

gas heating system. However, presentelectrical rates are almost at a

level at which solar systems are economically competitive with electric

resistance heating systems. The economics of solar, systems as energy

prices increase are investigated in the next section.

ECONOMICS OF SOLAR KEATIN* AS ENERGY COSTS INCREASE

YEARLY CASH FLOW COMPARISONS

The economic attractiveness of residential solay heating would,

presumably, increase as conventional fuel prices increase Table 8-3

shows the annual dash flow for a solar system with a gas-fired auxiliary

system, with the solar system ptovi.ding 80 percent_of the annual heating

load. 'Also presented is the annual cash flow, for the conventional heating

44
391
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. 1
Table .8-3. Ye-a-rly CIsh. Flow for Heating with Solar Energy

and 'with Natural Gas .'

.. ..,

1
,

Sola,r with GaS Auxiliary

)

1 . (.2) 1 . Electr(3)ic 1+(2+3
Pumping Natural Gas I,ncre-

Gas @20% of @ 7% Annual @ 10% Annual, mental
Year Mortgage Conventibnal Increase Total Increase -Cash _Flow'

Conventional-

Heating

(5) \.(6)
'(5)-(4)

1 1222 S4 24' 1300

26. 1308

27 . .1315

29 1,323

31 1353

34 1344

36 13.54

39, 1367

9
- . ,

41 1380

. 44 . 1394

47 1'410 \
51 1428

54 1447

_ 14 1222 58 1468

62. 1491

2 1222 60

3 1222 66

4 1222 72

5 1222 80

6 ;1222 88

7 1222 96

8 -.1222 106

1222 1 17

10 1222 128

11 1222 '141

12 1222 ,.. 155.

. 13 1222 171
.

,

.
188

"15 1'222 207

272 # . :1028

299 -1009.

329 , -`986

, 362 - 961

399- - 934

438. - 906.

482 - 872 C

530 .- 837'

X83 797

641 '--753

706 , - 704

\776' 52

854 - 593

6940 1 = 5

1034 1' - 4 7
16- 1222 227 66 1515 1137 - 37

. 1-7 1222e 250 71 1543 1251' -- 29
4. #

N.18 1222 275 76 1573 N. 1376 --. 197.
19 1222' 303 81 1606 1513 9

20 122Z 333 87 1642 1665

21 1222 366 ., 93 1681 1831":. /150

'-22 1222 403 99 1724 0 / 290 1

23 1222 443 106 1771

2221164

A 445

24 1222 487 k 114 1823 2437 614

25 , 1222 536 122 1880 2681 - 801

37,420 $26,766 $- 10,65%

j

/
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syStemiand the.incremental cah'flow between the solar system and the

conventional system.:. In developing this table, it was assumed that

natural gets prcei would intrease at 10 O'rcent per year: -and that
.

is..-.-
4. .

t

electricity costs would increase at 7 peiTent per year. It is cleari : 3 ., .., 4"

from this table that the solat' systemi's not economically compe.titive.

with the gas-fired conventional system. This conclusion is ch d'

. 4

dramatically when brie considers an electrical auxiliary system. These
I.

results are.shown in Table-8-4. The right7myt cblUmn again presents)

the incremental cash flow of the solar System over-the cost.sof a
.

conventional, system. The negative valves in the early years indicate

'that the,solar cost is greater than-the conventional coA:put this

situation reverses afte'rfiv.years. The total saVing's over the assumed

:25-year lifetime o1 th'e system are significant for the solar;systelpas

.compared with the conventional electric he*ting system:

.PRESENT WORTH CALCULATIONS

The present worth of the operati4 costs Of the solar4lpysteM and the

conventional heatinatosts, not including the mortgage payment for the

solar system, has been calculated, and the results are presented in

,Tables 8-5 and*8-6. Table.8L5 presents results for a solar system with

ga's auxiliary, wherels Table 876 presents the results for a solar system

with electric auxiliary. The'fyture operating costs have been discounted

to an equivalent prestrIt worth by assuming a cost of money of 9 percent

per year, the same..iate assumed for the mortgage. The present worth is

given by .

A
2 n 4k

P = F(1/(1+ir)

.
4. a<

-

.0. , .

), .1,d, 3 9 3 /, . .

(8-2)

1
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'f : th
iv

eV?' ' ' ; 1

TO1110-4. Yearly Cash Flow for Spacg. Heiting with Solap Energy :4,

and with Electricity
,

. . _ :

- Solar and Electric Auxiliary

- (1) (2-)1,. (3)' (4):
. .

. ' 1+2+3
,.

,Electricity
@ 20% of

l'ar.Mortgage, Conventional,

k

1

2

3

4

5

6

7

1222

1222 '

122

1222

1222

1:221'

1222

-..8 ' 1222,

9 1222.

s 10 .1222
4 ,

11 1 1222

12 ; 1222

13 ' 1222

14 l'i 1222

15 .1222

:,16 1222

17 1222

18 1222

') 19 1222

.20 1222

21 1222

22 1222

23 1222

24 1222

25 7222

.

.

253

271 .

290

310

332

355

. 380 1

406 --Y

r 435'

465

' 498,

5330
4

570

-610

1
652.

698

,747

799

855

'915

979

4-0411

1121

1199

1283

Electric
Pumping

m 7%.Annual
Increase Total

Conventional
Heating,

(5) (6)

(5)-(4)

. .

. .

'41 ectri c

@ 7% Annual

A
Increase

Incre-
mental
Cash Flow,

.24, 1499 1266 -233 .

26 1519 1355 -164 '

.,

27 1539 1449 t. 90

.29 1561 . 1551, . - 90

31 1585 1659 '74

34 . 1611 1776- 165

36 1638 1900 262

,39 p1667 f 2.033 366

41 1698 215 . 477

44 1731 _. 232 6 596
1 4 ,

4W . 1767- . '2490 , 723
e .

51 1106 2665 7 859

54 1846 2851: 1005

58 1890 3051, 116.1

62 1936 3264 1328

66 1986; 3493 1507

71 2040 3737 (697.

176 , 2097 39913 1902 -

81 -2158 4279 2121

87 2224 4579. , 2355

93 2294 4899: 2605
?,

_ 99 2369 5242 2873

106 '. 2449 5609. 3165- -

114 2535 6002
et

3467 -%

122, 2627 6422 3795--= _
$48,072

_

$80,073 $32,001

-3 9 4 .

2

.



Table a-5. 'Present Worth o

1.

olar 'and Gas System

Cit

(4) -,-(5)

Present Worth
at 9%

Discounting

3

.

Year

(1),-
Conventional
Heating- with

10% Annual
Incretise in

Gas

(2)

<Solar
Without. ?
Mortgage
Payment

.t.,

(3)

Present
Worth

Factor at ,Conventional Solar

1

.2.
3

4

5

6

-.7

.

9

10

11

la
13

14

115 -

16

17

39

20

21

22'"

23

24

25

at.

272

299

329

362

399.

438

.482,

;530

58-3,

64)
706,

776

... 854

940,

1,034

1,137

1,251

1:376

1,5(0i
1;665

2,014F
2,2150

2,437

2,681,

(2)4. 3) from
Table '8-3

86

-93-

101

111 '-

122

132

145

158

172

188

206

225'

246

269'r

293

-321

3.51.

384

420. '

459,

542
I.

.549

601

658

.

A

.,
.9174

.84P

.7722

.7'084,

.6499

.5963

.5470

.5019

.4606,

.4224-

.3875

.3555'

.3262

.2992

.2745

-231.1

2120

.1945'

.1784

-.1637

.

.1378

.1264

.1160

411

7

4

(3)x(lir/
,

8250-

252 .

254

256

2'59

261

264.

'266

. 26,
271;

274

.276*.

279

2B1

,284

286

289

.29-2

294

297

300.

303

305
e

368

3-11

.(3)x,(2)

n
72

72

72

72

.73

72.

72

73'

, 73

73

73

74

'74

74'

,74

74

75

75'

75

75

76,

76

76

.$26,166' $6,870 $6,980 $1,840

for

A

Economic Maximum Fir4t, Cost
Solir =--,'$6,980:- $1,840 i$5,1,40

1

\395
4
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- Jab] e 1,,,."6,.1. Present Werth sof -Sdlr and Electric System
-..,.,-. ...,..r I I I . I .

t i.
t *

1

)
-7° Dop (fen ti c4.161.

:'* 1-eat ilng h,

74-fAh n 1.,

I.ncreEse n

ElectricityYear

V

1

,2

3

4

.

)

1,266

1,35

1 ,449

1,561

lt-,6

6 1,7

7 1,900

2,033-

9 2, i

10, 2,327

"11 2,490

12 2,665' -a

13.. 2,851

14 '3,051 4

15 3,2,5J

3,493

17 3,737

18 ;)A
19 4,279

20 4,579

-21 4,899

22 5,242

, 23 5,609

24 6,002'

25 6;422

io°

2) (3)
-

r'S'olar System
Wi thout_ Present
Mortgage ;Worth
Payments FictQr dt.9%

from
;able. -

. 277 1 .93474

247,' ..8417

31 Z
-

-, -.7722

: 339 .7084

363 .' .6499

389. . .5963

so 416

445' :5019

476 (

309 '- .404
545 .48,75

.584

'71 4

668'

764 .2519

818-/).

,

(

%.

a75

936

1,0' 2'

1,012

1,147 .

1,227

1,313

. 1,405

.2311

. 2120

1945.
..1784 /
.1637

.1502 -

.1378

.1264

$80,073 . $17,522. 4.

'e
Economic Maximum First Cost ., '-

for' Sol ar = $23 ,'463 ,-$5;189 = $18;274

.(4) . (5)
ts,

. Preserit Worth
at 9%,

Discounting
Conventional. I Sol ar

. (3)x(1) .

,'1

;141.
--

1.,11§
s*.

. 1,99%

.' ,1',078

'1;059

11,03,9

1,020

1,001 "-

983

965.'"

947

930;..

913

. 896

; 880

864

848",

.832

'817'.
8()2

*
. 787,.

;759

7.45.

_031.463

e

' 396
's

*t. °
1

(3)x(2)

84 .
250

245,

240 ,

2-36

23
228

223

219

215

266

208 4,

1404 .

20.0 s

19,6

192

189

186

382

- 179

'175

012' ti

169

166

163

$6,189

4

4,

A

.

'
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- "where P repreSents the present worth and F represents .the future

s.

. .

.tvalpe'.
.

-
.

. .

The 'preseptmorth of, the future cash flows of the.conventionQ .

ating systems i6,980, compared with $1,840,for the 41ar system with=

out mortgage payment.- The differenee of $5,140 represents the economic

Maximum first cost of solarcomponen s house.if money is' worth

.9 percenteperyear, and if natural gas prices rise'dta 10 percent,I.
cdMpounded annual rate. The results are mulch more favorable for Solar

when ComP7a-rewrith, electric au-xiliary as.shown in Tab1e'8-6. In this.,

case, we see that the ecOnbmic:maOltum first cost for solar exceedsr
I.

" ..

apprOximately $6,000-the actual. cost of the' solar system. ..
,

There are other fictors that:one could considek in perfkming these

economic analyses. For example, the interest paid Onthemortgage could

Abe used to reduce the homeowner's personal income tax. How r, on

'should also coniter that.prope'rtytaxes, insurances, and the cost of the, .
4,-

. ..
.

"floor, space _occupied' by the solarosys tem _Wrimarily the heat storage unit)'.
,

er.

should be included in the solar system costs, partially offsetting the

savings realized from income tax seductions. For commercial type

4

installations, depreciation ofthe solar system-would also represent a

.-.favorable tax,situation. 'Regardlesg Of-what manipulations one might
.

. , . . 1 -.I44. .

. , ..

,.
, ,.perform, the fact remains that, at the, present time, solar systems are. not

.
,

'..

- economically competitive witfi gas systems in this regiort,, but they are
.

k.1 now competitive with, elqctrical systems in,this
1

region. For geographical.,
,;.

regions other than Fort Collins, this situatton-dOes,not necessarily

prevail. Using the techniques presented above, one can readily ciKufate
.

;economics of solar systems forany;region'end anyinflation'rates,

r

39;i;

4
. "

16.
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The economic maximum first cost for a solai.system may be determined

very quickly by referen5etoTables 8-7 through 82271: These tables- were

developed for mortgage periods of 20, 25, and 30'years, interest rates

,.
between 8 and 12 percent, and annual increases in conventional fuel costs

between' 0 and 12 percent. ; The use of the tables will be illustrated by'
o

the 'example shown in Table 8 -4. The mortgage peridd was assumed tolie

25 years, the mortgage interest...ate was 9 percent, and it was assumed

that electricity costs would increase at 7 percent per year. The cost

of heating with electricity during the first year was determined to be

$1,266. The solar system was designed to provide 80.percent of the

_heating requirements.

The factor F, shown in Tables 8-7 through 8-27, is,defined as

First Year's Fuel and Operating Cost'
F

First Year's Conventional Fuel Cost-

4

. .

I t
.

Therefore, in this example,

i

AP

F =
253 + 24

:
1,266 ,

We will have to interpolate since there is no table for the assumed annual

rate of fuel increase of 7,percent. From Tables 8-17 and 8-18 we

N see that`the cost factor is 13.0593 for 6-pdrent annual rate of

fuel increase and 16.0522 for 8-percent annual rate of fuel in6rease.

The,ec nOMic maximum first cost for solar is determined by multiplying

the fuel cost factory the first year's' conventional fuel cost.

1
S. E. Huck, "Design Charts for Solar Heating Systems," M.S. Thesis,
Department of Mechanical Engineering, Colorado St#te University.,

Fort Collins, Colorado 80523 (1976).
I

.398
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Therefore, we obtain

and

EMFC = ($1,266)'(13.0593)

$16533 (6% ARI)

- ,EMFC = ($1,266) (16.0522)

= $20,322 (8% ARI)

we need to take one-half the, difference.,,between these two values and odd

this to $16,533 to determine the economic maximum fiRt cost for solar

for the assumed 7-0ercent.annual rate Of increase i fuel costs. -W
('

obtatn\

.
EMFC = $1,6,533 +0:5(20,322 - 16,533)

= $18,427 .

The detailed analysis in TabTe 8-6 resulted in a figure of $18,274. The

slight differepte is due to round-off in our calculation.
1/4)

* The cost estimate fora giCieri solar system should be compared with

the economic maximum first cost for a solasystem in order to determine

if the solar system should be installed. If EMFC exceeds the estimated

cost, then it would be economically advantageous for the owner to install

the Solar system. Typically, curve such:as,that shown in Figure 8-1

should be developed. The trio curves shown in this figure represent the
, 1

economic maximum first cost and the estimated cost as functions of the

collector areA. The points of intersection represent breakeven points.

That is,-the solar system and the conventional system w ave equal

costs over, the lifetinie of the mortgage. The shadeq,yegion between the

two curves represents a region in which the solar system would have an
r

*.
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.
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ForVallins, Colorado, November 1976.
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,

economic advantage over the,conventional system. The optimal collector

area would be at the point of maximum separation between the two curves.

Jn this care that would be at apPrOximately 400 square fe'et.

ft*

ALTERNATE APPROACHES
r,

There are several alternate.approaches to performing economic

analyses, but most lead to essentially the same conclusions, depending,

.
of course, upon what assumptions are made: One of .the alternative methods

,

A0-
is an analysis procedure programmed into the interactivecoMputer program,

eV

developed at the University of Wisconsin.

If desired, the program will perform a life-cycle cost economic

analysis which compares the costs of the solar-assisted system with the
. .

costs of the 'conventional system'on a present -value basis.,. The program ,-

,estimates the timing and amounts oaf annual_cashflows usingthe following

equations:

,

4

yearly cost '= mortgage + backup system + misc. + property tax - inCome'tax
withsolar payment fuel costs costs incrtrrs-e-: . -decrease

with solar
,

yearly cost = conventional system - income tax
W/o solar fuel coat decrease e

, w/o solar -

The terms are defined.in the following. -It is assumed that the solar'

backup system is identical ,to the conventional'hfating and domestic water ,

system. Therefore, only 'tile additiorial investment due-to the solar system

need be considered in the analysis.

401
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USE'OPTIMIZED C6LLECTOR AREA = 1, SPECIFIED AREA = 2

The user specifies a collector area via system parameter number 2:

However, if anecondMically optimized col)ector area is desired, the

program ignores the specified collecpr area and performs a numerical

search for an optimum-area. The criterion used is to find the collector

area which minimized.thepresent value of all of the. yearly costs of the .

solar.-assisted_ system over the period of ahalysis.

PERIOD.OF THE ECONOMIC ANALYSIS'

'This specifies the number of,years over which the life:cycle cost

analysis will, be performed. '-

COLLECTOR AREA DEPENDENT COSTS

2 Some of the extra costs of a sola'r heating system above the

conventional system are collector aces dependent. These include the

v'cost of storage and of,the collector.

4

CONSTANT SOLAR COSTS

This Wert to,extreaks of solar heating systems above the
. .

conventional system which are not dependent on the collector size. 4 '4°

e
.

Examples are costs for architectural modifications, piping or ducts,

7onrols, pumps or bloWers,setc. ,

DOW PAYMENT (% OF ORIGINAL INVEST'AOLI

e-original:investment refers to the extra investment required to

put 3n tfie solarSystemTherefore', the percentage which is'paid doWn

on the solar ,system equals the ratio of the incremental increase in the

4O2
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. .
.

.

1

i

, ..
dewry payment required by the lender to the incremental increase in'

,
. ,

the size, of 'the loan required dye` to the solar system.

ANNUAL INTEREST RATE"ON'MORTGAGE

.

?his is-the annual. interest rate charged by.your lender
- a, >c

TERM or. T.HE MORTGAGE'

\The numbe of: years. over whicTiti Mbst pay off the-goon,

ANNUAL NOMINAL 04kETyn-SCOUNT RATE
T

This ref:ei-S to tt dhnualirate of return which you make with your
.

. ..

.,
. ,

, ., .. .
.

: .' ,-
-moneY in your best investment opportunity.. 'Th annual Or market.

,

,.-. tratb of return eqUal,s'ihexe'al rate of return the general, inflation
/' / .

.
. rate. For th0 typical hom&owner, the real rate of return is 1-2 percent; .

foi business, 3-4 .,Ngr.c,n-t. ,.

. , -. . I, , . , 0 I. 0 V

-, EXPENSES (INSURANCE,'MAINTE ANCE) OF SYSIrEM IN FIRST YEAR
. . . , . . , .

. -I,A11' additional yearly; exp'ense due' to the solar. system which -cannot

d. be tpOut'anyllhere else--should e incicuded here.

ANNUAL INCREASE IN1ABOV PENSES

Allowahce cah be made, for the. annual rate of increase of insurance
. ,

and maintenance costs (.e., the gedera) inflation rate) via

parameter.
a a

PRESENT COST OF AUXILIARY' FUEL (CF)

This' is the actual present costof the backup system fuel, times-100.1,

.°

divided by the efficiency of the backup system heating unit. The actual

4 0.1
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.,

4.0

present cost of the fuel should'include,any fuel adjustment Charge,
,

,
. .

b4Yond the standard rate.-.' -

'..

. f

, 6

'5 1

S.

CF RISE:. LINEAR = 1, %/yr'= 2,SEQUENCE_OF VALUES =, 3

The program user -may allow fuel:_Costs to rise 4. any of three,.

possible ways so that ahy scenario can be investigated. These increases

should include general "inflation.plus any neincreas,es in fuel costs.

IF 1, WHAT IS THE SLOPE OF CF INCREASE?
..'

If a linear fuel cost rise is assumed, the, slope et,f increase
.

.
required. Otherwise this parameter is ignored.

4

IF 2, WHAT IS THE ANNUAtRATE OF CF RISE?

If a %/yr fuel cost rise.is desired, the annual rate.of fuel cost

increase must be input here. Otherwise this parameter is ignored.

I

ECONOMIC PRINTOUT BY YEAS = 1, CUMULATIVE = 2

I

If,a yearly printout it desired, several cash flows are pflnted each

year of the economic analysis. If a cumulative printout i* desired, the
t ,

,present value of the yearly costs over the peribd are output for the

building with and without a solar energy system.

EFFECTIVE FEDERAL-STATE INCOME TAX. RATE
V

#

State.income:taxes paid are deductible on federarretuhis;.therefore,

theeffective.federl-state income tax rate is calculated as

.

Effect4ve Rate = Federal Rate + State Rate - (Federal Rate) x.,(Sfate Rate)

:
,

14&

4.01

a

M

411
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TRUE PROPERTY TAX RATE PER $ OF ORIGINAL INVESTMENT

Property tax rates are. alppije&-to your ass6sed value. Therefore,

. an 'estimate of assessed value 4,s a percentage of original investment is
.

Ai required sQ that

Tax Rate , I,. Tax Rate As4.!ssed Value
$' Original Invest, 'Assessed Value) " (original Invest.).

INCOME-PRODUCING 3JUILDING? YES =.1, 140-/= 2

The eNnOmic analysis for comMercial and residential buildings is

different because butinesses benefit fr011i more.incOme tax deductions due

to the added -investment required, for the so,lar, heating'ead ng* system. For the

homeowner, interest and property taxes paid are,deductible on income'

taxes. For a btifiness, interest, depreciation, fuel expenses, property

, taxes and maintenance and insurance costs are all deductible.

4 V(f, your building is not income- producing and doeS not qualify as a

business investment, the remaining parameters are ignored.

The yearly cost ations were given earlier. For a non- i ncome-

k
Producing building, such. as a' residence, the income tax terms are given

below. -'

income tax = tax x (interest paid property tax 'paid)
decrease Tate

with solar'

in.cothe tax = 0

decrease
w/o solar .

However, for a commercial building the income tax terms are as

, follows:
z

income tax ='tax x ,(i nterest + property+ mi sc. + backup system + deprectati on ) .

decrease, :-- rate paid tax expense fuel cost
with solar paid ,.

.405

S

1
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-
income tam = tax rate x (eonventionalsy tem

)

fuel'costs)
dedease
w/o solar

AlthoUgh, commerclal building owners ha .e more income tax deductions

due to the solar,investment than homeowners, they do n t save as much in

fuel costs since ftiel costs are deductiblewhither or t they install

a sRlar heating system.,

Keep in mind that the interest, property t. , miscellaneous expense,

and depreciation deductions refer only to the inc emental :increase in

these deductions due to the solar investment. Th refore, these terms do

not app'ear in the "without solar" income tax decr ase equation.

DEPRECIATION: STRAIGHT LINE = 1, DECLINING BALANI1E SUM-OF-YEARS
- DIGITS = 3, NONE,. 4

Any of the standard methods of depreciation can be used. Depreciation

deductions' due to the extra investment'due tor are calculated in order,

to estimate the income tax savings.

IF 2, WHAT PERCENT OF STRAIGHT-LINE DEPRECIATION RATE IS DESIRED?

The federal government allow"several rates at which investments

can be written off using the declining balance Method: These rates are

expressed as the percent of s t ht-line depreciation rate allowed.

USEFUL LIFE FOR DEPRECIATION PURPOSES

.__:This i$ the length of'time over which you intend to depreciate out

your investment.

406

a
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SALVAGE VALUE AT END.OF DEPRECIATION PERIOD

An estimate of the system's-salvage value at the end of the

depreciation period is required in order to calculate depreciation.

This procedure be illustrated duriqg the computation sessions

using the interactive computer terminal.

I

.40%

rt

a
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Table 8-7. - Fuel Cost Factors

.
z

ANNUAL RATE OF FUEL INCREASE =0.00 -

NUMBER OF YEARS = 20

.10

e

I
F

.12.12
..14

.16

.20
-.22
.24

t.26
.28

.30

.32
.34
.36
.38
.40

.42

.44

.46

.48

.50

.52

.54

.56

.58

.:60
.62
.64
.66
.68
.70

.74
..76

.78

.80

.82

.84

.86
88
.90

0.08

A:8363
8.6400
8.4436
8.2472
8.6509
7.8545
7.6582
7.461d
-.7.2654
7.0691
6.8727
6.6,763
6.4800
6.2836
6.0873
5.8909
5.6945
5.4982
5.3018

`5.1054
4.9091
4.7127
4.5163,
4.3200

0.09

8.0331
7.8505
7.6680
7.4854
7.3028

*'7.1203
6.,37 7

6.15726
6.3900

. 6.2074
6.0248
5.3423
5d6597
5.4771
5.2946
5.1120
4.9294
4..7468
4.5643
4.3317
4.1991
4.016E

4.123kL,,3.8340
3.9273 3.6514
3.7309 3.4688
3.5345 -3.2863
3.3382 3.i037
3.1418 '21.9211
2.9454 2.1386
2.7491 2.5560
2.552'7, 2.3734.
2.3564 2.1909
'2.1600 .0083,
4.9636 1.8257
1.7673 1.6431
,5709 1.406,
1.3745 ' 1.2780
1.1782 /1.0954,-'

.9818 . '.9129

0.10

7.6622
7.4919

..7.3217
7.1514
6.9814
6.8/09
6.6406

,6.4703
6.306-0
6.1298
5.9595
5.7892
5.6190
5.4487
5.2/84
5.1081
4.9379
4.7676
4.5973
4.4271

4.3865
3.9162
3.7460
3.5757
3.4054
3.2352
3.0649
2.8946
2.7243
2.5541
2.3838

, 2.2135
2:0433
1..8730
1;7027
1.5324
1.3622
1.1919
100216
.8514

408

0.11 '0.12

7.1670 6.7225.1/
7.0077 6.5731-
6.8485 6.4237
6.6892 6.2743
6:5299 6.1249
6.370.7 5.9756
6.2114 5.8262
6.0521 5.6768
5.8929 5.5274
5.7336 5.780
5.5743 5.2286
5.4151 5.0792
5.2558' 4.9298
5.0965 4.7804
4.9373 _4.6311.
4.7780, "".. 4.4817

4.6181 4.3321'
4695 4.1829
4.'3002 ,1%0335'
4./419 3.8841
3.9817 3.7347
3.8224 3.585,3 /
3.6631- 3.4359
3.5039 3.2866
3.3446- 3.1372
3.1353 2.9878
3.0261 2.8384
2.6668 2.6890
2.7075 2.5396
2.5483 2.3902
2.3390 J 2.2408
,2.2297 2.0914
2.0705 1.9421
1..9112 1.7921
1.7519 1.6433-
1.5927 1.4939
1.4314. 1.3445
1.2741 1.1951
.1149 1.0457
..1156 :8463
.7963 .7469

j.

a
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Table 8-8.. Fuel Cost Factors'

r:
a. . .

; .

. 'ANNUAL RATE OF FUEL. INCREASE
NUMBER' OF YEARS = 20

a 0.G11 0.09
F

I

= : 0 2

0.10 L;ii
GRP

.. 0.12

..10 10.2179 9.4482 8.7651 Va569 7.6136
.12 9.9908 9.2383 8.5764 7.9757 7.4444
.14 9.7638 9.1283 8.3756 7.7944 7.2752
.16 9.5367 8.8163 8.1808 7.6131 7.1060
.18 / 9.309% 8:6084 7.9860 7.4319 6-.1168

.20 9.0826 8:3984 7.7912 7.506 6: 76 7 7

.22 .4.8555 8.1885 7.5965. 7.0693 6.5985

.24 8.6284 7.3785 7.4017 6.8881, 6.4293

.26 , 8.4014 7.7685 7.2069 6.7368 6.2601

.23 8-.1743 '7.5586 7.0121. 6.555 6.0909

.30 7.9472 7.3486 6.8173 6.3443 5.9217

.32 7.7202 7.1387 6.6225 6.1630 5.7525

.34 7.4431,: 6.4278 5.9817, 5.5813

.36 7.2661 6.718.7 6.2136 5.8005 5.4141-

.38 7.0391 6.5088 5.6192 5.2449

.40 6.8119 6.2988 5.8434 5.4379 5.0757

.42 6.5849 6.0888 5,..6486 5.2567- 4.9065

.44 6.357e 5.3789 5.4539 5.075.4 4.7374
*46 6.>4307 5.6681 '5.2591 4.8942 4.5682
.48 . 5.90.37 5.4590 5.9643 4.7129' 4.3990
:50 5.6766 5.2490 "4.8695 4.5316 4.2298
.52 5.4495 5.0390' 4.6747 4.3504 4.0606
.54 5.2225 4.'8291, 4.4800 4.16 3.8914
.56 4.9954 4.6191- 4'.2852 3.9878 3.7222
.58 4-.4683 4.4092 4.0904 3.8066 3.5530
.60 4.5413 4.1992. '3.8956 3.62)53 3.3838
.62 4.3142 3: 9892 3.7008 3.4440 3.2146
.64 4.0872 3.7793 3.50.61 3.2628 3.9454
.66 3.8601 3.5693 3.3113 3.0815 2.8763
.68 3.6330 3.3594 30.165 2.9002 2:7071
.70 3.4060 3.1494 2.9217 2.7190 2:5371
.72 -3.1789 2.9394. '2.7269 2.5377 2.3687
.74 2;9518 2.5322 2.3564 2.1995
.76 2.7248. 2.5195 2.3374 2.1752 2.0303
.78 2.4977. Z.3096 2.1426 1..9939 1.861A
.80. 2.2716 2.0996 1.9478 1..8126 1.6919
..82 2.0436 1.8896 1.7530 1.6114 ,41.5227

.84 1. 8165' 1.6797 1.5582 1.4501 .14.3535
-.86- 1.894 144697 1.3635 1.2689 1.1843
.88 1.36h 1.2598 1.A.687 1.0876 1.0151
.90 1.1353 1.9498 .9739 010q, .8460

469
a.

a.
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.

... Fuel Cost F-actors .1.. .

..
ANNUAL RATE OF FUEL VCREASE :04
NUMeER OF YEARS .720

F

.12

.14

.16

.18

.20

.22

.24

.26

.28

. 30

.32

.34

.36 84

.38 8. 134

.413 7.485

. 42 -7. 835

.44 7.4186

.46 7 1536

.48 .8887

. 50 .6231-

. 52 6.3588

.54 6.0938

. 5 5.8289
8 5.5639

.60 5.299d

.62 5.0340

. 64 4.7691

. 66 4..5341
.4.2392

.70 3.9742'

.72 3.7093

.74-

ler 3.1794
2.9144

-.80 2.6495
.82 2.3845
.84 2.11.96
.8o 1.8546
.89 1.589?
.90 1.3247

I 0.0,8
oft

1.1.9221
11.6578
11.3928
11.1279
10.8629
10.5980
10.3330
10.0681
9.8Z31.,
9.5382,
1:2732
.00
8.7
8. 4

0.09 0.10 0.11

10.9626 10.1146 9.3629
10.7190 4.8898 ' '9.1546

,_14.4754 9.6650 8:9468 .

10.2318 9.4402 8:7387
9.2155 8.5307
8.9907 8.32.26
8.7659 8.1145
8.5412 7.9065
8.3164 7.6984.
8.0916 '4 7.4403°
7.866% 7.2'823

. 7.6421-.,; 7.0742
7.4173 11A10.8661
7.1926 6.6581
6.3678- 6.4500
6.74304- 6.2419-

'9.9882
9:7446
9.5010
9.2573
9.0137

.8.7701
8.5255
8.2-829
8.0393

7957
7.5520
7.3084
7.0648
6.8212
6.5776
6.3340
6.0384
5.8467
5.6331
5.3595
5.1159
4.8723
4.g287
4.3851
4.1414

. 3.8978
3.6542
3.4106
3.1670
2..4234
2.6798r
2:4361`
2.1925.
1.4489-
i:7353
1:4617
1:2181.

6.5283
6.2935
6.3687
5.8440.
5.6142
5.3944
5.1697
4.9449
4.7201
4.4954
4.2706
4.0458

, 9.8211
3.5963.
3:3715
3.1467
2.9220
2.6972
2.4724
2.2477
2.0229
-1.7981
1.5734
1.3486
1.1238

41O

6.0339
5.8258
5.6177
5.4097,
5;2016
4.9936
4.7855

. 4:5774
4.3694
4.1613
3.9532
3.7452
3:5371
3.32S6
3.1210
2.9129
2.7348

2.2887.-
2.0.806
1.87Z6.
1.66457-
1.4565
1.2484
4.8403

. 0..12

8.6946
8.5014
.8.311811

8.115
7.9217
7.72.85
7.5353
7.3421
7.1489
6.9557
6.7625
6.5693
6.3760
6.1828,
5.9896.
5.7-964
5:6032
5.4100
5.2168
5.0235
4.8303
4.5371,
4.4439
4.2507
4.0575'
3.8643
3.6711
3.4778
3.2846
3.0914
2.8982
2.7050
2.5118
2.3186
2.1253
1.9321
1.7389
1..5457
1.3525
1.1593

9661
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'Table 8-10. Fuel Cost Factors

ANNUAL RATE 0,F :rya REASE = .06
'NUMUR 'OF YEiRS:2::,; 20 2'

ry

0.84 0.09
.

.144362. 11.8324
13. 4 3 / 2.5473'
1.3.4123 12.2621

.10

.12

.14'

.16.8
.20
.22
.24
:26 .

111,

.

.30
.32
.34.

'.38
.40
.42
.44
.46,,
.48'

. vs

0.13

11.7738 ,

11.5122
11.2505

13.100446 1 /.9769 10:1889
12.7885 11:6918 .10j.727,2
12,4766 11.4066 10 .4656
12.1647. 11.1214 10.234,0-
11.8528 10.8363 9 . 9423
11.540.8 10:5511 9.6807
11.2289 10.2660 9.4190
10.9170 9.9808 9.1574.
1'0..6051 9.5956 8.8958
10.2932 9.4105 8.6341
9.9843 9.1253 8.3725
9.8'6594 .''8.8401 8.11.08
9. 3574 8.5550 7.8492_

'94455 8.2698 7.58764v-
8.7336 7.9846 7.3'259.
8:4217
8.1098

50 . 7 717 9
.52. -7. .4 8 6s0
.5J+ 7.1740
.56 .6.8621 -

:58 8.5502

7y6995 7.0643
7.4143 6.8026
7.1291 6.5410
6.8440 . 6.2794
6.5588 6.0177
6.2'736 - :5.7561
5.1385 5.4944

.60 6. 2 3 8 3 5. 7"3.3 3 -5.2328
:62 5.926_4 544181 4.9712

6 4 5: 6 1 4 5 '5.1'3.30 ,4 . )10 9 5
.66 5. 3.32 6 4.3478 ' 4479.
.68 '4.9906 4.5.626 4.1862/

70. .if.k.787 4.2775 3.9246
.72 4.3668 3.9)23 3.6630
.74 4. 0549 3.707.1 .. 3' AtAkit-

7434 3 *422 8 3.1397,
478 J -3.4111 3.1368, ..2. 8780-
.80 3.1191 . 2.8517' 6.164,

. 2.8072 5665 ' '...2.3548
.84, 2.4953 2.2813 2.0931

8.6 2.183.4 ',1.9962 - 1;43 1 5.
83: ".1.8715 1.711.0 - 1:5698

:94 1. 559E 1.4258 1..33182

..

.

'0%11 't 0.12

10 .8397 10.0129
10-.5988 9.7904
10..1580 9.5679
10 4171 . 9.3454
9..3762 , 9.1229
9.6353 8.9004
,9.3944 8.6778
9 .1535- 6:4,553
8.9127 - 8.2328
8;6718 8.0103
8.44309 7.7878
5:1900 7.5653
7.9411 . 7.-3428
7.1082 7.1203
7.4674 6.8978
7.2265. 6.6753
6.9856 6.4528
5.7447 6.2302
6.5338 6.0077
6.2629' 5.7854.
6.0221 5.562't
5.7812 5.3602 r.
5 . 54013 7.1177,
5.,2994 4.8952.
5.0585 4.6727'
4.817-7 4/5e2
4.5768 4.2277
4.3359. 4:0052
4.0950 3'.'7827
3.8541 3.5631
31.6132
.3,0724 . .1151
3.113-15 2.8925 -

2.8906 2.6701 .

2.6497 ' 2..4476
2.4088 2.2251
2.1679' '-2.0026-
1.9271 14801
1.6862 1.5576
1.4453' 1.3351
1.2344 1.1125Q

;t1,

9

4
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Table 8-11. Fuel Cost Factors

ANNUAL RATE OF FUti. INCEthSE = .08
NUMBER OF YEARS = 20

I
A

0.08 '0.01 0.'10 0.41.
.111. Mb 4110 wale

0.12
Mb 110

"`.10 46. 6667' 15.150 7 13.8230 12.6565 11.6283
.12 _16:2963 14.814 0 13 4159 12.3'752 11.3699y714 15.9259 14.4773 13.2087 12.0940 11.1115

15.1556 14.1407 12.9015 '11812 10.8531
15. 185 2, 13.8040 12.5943 1.1:5315 10.5947

2 14. 8148. 13.4673._ / 12.2871 .11.2502 10.3363
4 .22 14. 4444 103.130 6 11.9800 v 10,9690 10.0779

.24 14.0741 12.7z939 11 .6728 10:6877 9.8/95

.26 13. 7037 *12:4573 -11 .3656 10.4065 9.56/1

.28 13. 3333 12.120 6 ,' 11.0,584 10.1252 9.3026
.30 17.9630 11.7839 10 7512 9.843 9 ,9.0442
1.32 12. -5926 11.'4472 -10 .4441 9.5627 8.7858,
.34 't 12. 2.222

11. 8519
11.1.10 5
10. 773-8

10.1369
9.829

9.2814._
.36 9.000 2

8.5274
8.2690,

.38 11.4815 . 10.4372. .5 5223 '- 8.7189 8.0106

.40 11.1111' 10.1005. 9.21,54 8.4377 7.7522

.42 , 10.740.7- 9..7638 8e9082 . 8.1564 7.4938
`:44 10.3704 8.6010 7.4752 7.2354,
'.46 10.0000

,9.4271
9.0904 3.2938 7.5939 6.97n"--

4 . 48 ;9. 62;36- 8.753 7 , 7.9866 7:3126 6.7186.,
.50- 9.2593 0 8.4174 7.6795 ,7.0314 6.4602
.52 8.8889 8.0804 .7e3723 6.7501 6.2018

-7.7437 7.0651 '6.4689 '.5.9434)
.56 8.1481` 077t4 1 6.7579 6.1876 5.6850
:58 7.7778 Z,.0703 6.4507 5.9064 5:4265
.60 7.4074 - 6.733T 6.1436 5.6251, 5.1681
.62 .7.0370 6.3970 5.8364 5.3439 4.9097

- .64 6.6667 6.0603 .5.0626 4.6513
6.2963 5.7236 5.2220 4.3929
5.9259 5.3869 4.9149 /4.500/ 4.1345

.10 5. 5556 5.0502 '4.6077 / 4.2188 ------ 3.'8761-

.72 5.2852 4.7136. 4.3005 3.9376 3.6177-
.74, 4.8148' 4.3769' 3.9933 3.6563 3.3593.f6 4.4444 4.0402 3.6861 3.3751 3`.1009
.78 4. 0741 '3:703 5 1.3790- 34138 2.8425
.80 3.7037 3.3668 3.0718 2.8126' *2.5841
.82 3.3333 3.0301 4' '2.7646 2.5313 2.3257
.84.... 2.9630 2.6935 2.4574 . 2.2500 2,06,73.
.86 2.5926 2.3568 2.1502- 1.9688. 1.8088

1.88 2.12221 2.0201 1.8431 1.5504
.9a 1.8519 1.6834 , 1.5159 '" 1.4063' 1.29300._
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Table 8-12, Fuel Cost Factors

ANNUAL SATE FUEL INCREASE =
NUMBER OF YEARS = 20

I 0.08"
F
.10
.12
.14

. .16.
.18
.20
.22
.24
.26
.28
.3C
.32.
.34
.36

.34

.40

.42

.44

.46

.48,

.50

.52
*.54

.6

.58

.62

.64.-

.66

.68

.71

.72,

.74

.76,
78

.80

.82
484
.86

:SO

*Ow .. OW a./

0.09 0.10 0.11 0.12

,19.9518
19.5.084"
19.0650
18%6217

-18.1783
17.7349

18.:0354
17.6347
17.2339.
16.8331
16.4323
16.0315'

16.3636
16.0000
15.6364
15.2727
14.9091
14.545,5

14.9486
14.5694
14.2183

''`13.9072
13.5761
13.2450

17.2915 '15.6307,"P 14.1818 12.9138
16.8482 15.2299 43.8182 12.5827
16.4048 14.8291 13.4.545 12.2516
15.9614 14.4284 11:0919 11.9205

81
.15. 0

14.027-6
13.6268

1_12.7273
12.3d36

11:5893
11.2582

14.6 13 13.2260 12.0000 10.9271
14.1874 12.8252 11.6364 10.5960
13.7446 12.4244 11.2.727 .18.2648
13. 3012 12.0236 11.90-91 9.9337
12.8578 11.6228 10:5455 9.6026.
12.4144. 11;2221 10.1818 9.2715
11.9711 10.8213 9.8182 8.9403
11.5277. 10.4205 9.4545 8.60,92
11.0843 10.0197 9.4909 8.2781-
10.6410 9.6189 8...7273 7.9470
10.1976 9.2181 A.3636 7.6158
9.7542 8.8173./ 8.0000' '7.2847
9.3108 8.4165 7.6364 6.9536
8.8675 8.0158 7.727 6.6225
.8.4241 "7..6150 6.5091 6.2914
7.9807 7.2142 6.5455 5.9602.
7.'5373, 6.4134- 6'.1818 5.6291
7.0940 6.4126 5.3182 5.21i80
6.-6506 6.0118 5.4545
6.2072 5,.6110 -5.0909 4.6357
5.7638 5.2102 4.7273' .4.3146
5.3205 4.8095 4:3636 3.9735
:4:8771 4.4087 4.0000 3.6424
4.437 4.0079 3.6364 .;33.3112

3.9904 S.6071 3.2727 2.9311
3.5470 -3.203 2.9091' 2:6490,
'3i; 103 '2.8055' . 2.5455 20179,
2.6602 4.4047 2.1418 1.9867
2.'2169 1.8182 1'46556.

,

1.

=IP 10

13.6162-
13.3136

.13.0110
12.7084
12.4059
12.1033
1181107
11.4981
11.1955
13.8929
10.5904
10.2878
9.9852
9.6826
9.3800
9.0775
8.7749
8.4721
8.1697.
7.8671

7.262 0
6.9594

6.3542
6.8516
5.7491
5;4465
5.1439
4.8413
4.534'7
4.2361
3.9336
3.6310
3.3284
.3.0258
AH7232
.420Z

2.1181
1.8155
1.5129
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Table 8-13. Fuel Cost Factors

AN:464...:RATE OF FUEL I4aREASE =
hUMEER-OF YEARS = 20

.

0.08 0.09 0.1 0.11
oar .16 4WD ON Oa

;10 ,24.0659 2146359 19.5237 17.6821
-01- 21.5311 21.1551 19.0898 17.2891
'.14. 22.'9963 20.6743: 18.6560 16.8362
.16 . 22.4615 .20.1935 1.3.2221 /6.5333
.18 2.1.9267 19./127. 17.7883 16.1103
.20 21.3115 19.2319 17.3544 15.7174
.22 '°20.857i 18.7511 16.9205 15.3245

.c24 0..20.3223 18.2703 16.4867 /4.9315
:26 19.7875 17.7895 16.0528 14.5386
.28 19.2527 17.3087 15.6190 14.1457

11.7t79 16.8279 15.1.851. 1,3.7627
.32 : 18.1831 16.3471 14.7512 13.3598
.34 17.6483 15.3663 14.317C 12.9668
.36 , 17.1135 15.3855. '13.8835 12.5739'

. .38 16.5787 /4.9047 13.4457 .12.1810
.40 *16.0439 14.4239 13.0158 1/.7880
.W 15.5091 .0.343/1 12.5819 11.3951
.44 q4.9743 13.4E23 12.1481 11.0022
.46 . 14.4395 /2.3815 11.7142 10.6092
.48 '13.9047

'12*.5.007 11.2804 10.2163
'.53 /3.3699 12.0199 10.8465 9.8234
.52 <12.8351 f1.5391' 13.4/26 9.4304
.54 `12.3003 11.0583 9.9788 9.0375
.56 11.7655 10.5776 9.5449 1.6446
.58 11.2317 10:0968 9.1111 8.2516
.60 10.6959 9.6160 8.6772 7.8587
.62 ,10.1612 9.1352: 8.2433 7.4658

. .64 .6264. .8.6544 7.8095 7.0728
.66 a 9.0916. 8.1736 7.3756 6.6799
.68 8.5568 7.6928 6.9418 6.2870
.73 8.022C 7.2120, 6.5179 5.8940
.72.: 7:4872 6.73/2, 6.0740 0- 5.5011
.74 6.9524 6.2504 5.6402 . 5.1082 -
.73 , S.4476 5.7696 5.,2063 4.7152
.73 5.8828 5.2463 4.7;25 4.3223
.80 . '5.3480 '4.8080, 4.3380 3.9293

'1-'4.1132 4.3272 3.947 3.5364-'
`.14 p 4.2784 3.i464. 1.4709 3.1435
.36 3:3656 3.0370 2.7505
,.88 3.2084 '2.8848 2.6032 2.3576
.90 2.6740 2.4041' :1693 1.9647

0.12
11,

16.0714
;5.7/43
'15.3571
15-:0000
14.6429
14.2857
13.9286
13:5714
13.2143
12:571 .

12.5000
.12.1429
11..7857
11.4286

..1.1.0714
/0.7141'
10.3571
41400.0
9.6429
9.2857
:8.9286
3.5714
8.2143
7.8571
7.5000
7.1429
6.7857
6.4286
6.0714
5.7143
5.3571
5.0000
4.6429:
4.2857'
3.9286
3.5714
3.043
2.457V
2.5000
2.1429
1.7857

V,
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Table 8-14. Fttel Cost Factors
1?

ANNUAL RATE OF FUEL INCREASE = a; i
-NUMBER OF YEARS = 25

1.,

.10'

.12

.14

.16
.18
;20
.22
.24
.26
.28

..30
.32'
.34
.36
.380
.0
.42
.44
.45
.48
.50
.52
.54
.56 ..8
.60.

.64

.66
..68
.70'
:72
.74
.76
.78
.80
.82
.84
.86
.88
.90

"0'. 0 8
Fel...10

9.6073
9.3938
9.1803
8:9668
8.7533
8..5398
8'.3263
8. 1128
7.8993
7.6858
7.4723
7.2588
7.0454
6. 8319
6.6184
6. 40z 1
6.1914
5..9775

7644
5.5509
5.3374
5.1239
4.9104
4.6969
4.4834,
4.2699
4.0564
3.84,29
3.6294
3.4159
3.2024
2. 9889
2. 7754
2.5619
2.3485
2.4350'
1.9215
1.7080
1. 4945
1. 2810
1.0675

0.09 0.10

8.8403 8.1693
13, 6 4'3 9 7 .187 8
8.4474 7.8063
8.2510 7.247
8.0545 7.4432
7.8581 7.2616
7.6616 7.0801
7.465 6 8 9 8 6
.2687 '6.7170
7.0723 6.5355
6.8758 6.1539
6:6794 6.1724
6:4329 5.99.08
6.2865 5.8093
6.0100 5.6278
5.895 5.4462
5.6972 5.2647
5.5006 5.0831

.5:3042' 4.9016
5.1177 4.7201
4.9113 4.5385
4.7148 4.3570
4:5184 4.1754
4.3219. 3.9939
4:125 3.8124
3.9290 3.61138
3.7326. 31.4443
3.5361 3.267
3.3397 3.086
3.1432 2.9047
2.9468 2.7231

42.7503 2.5416
2.3539' 2.3609
2.3574 Z.17 85
2.1610 11996
1.9645 1.8151+
1.7681 1..6339
1.5716 s 1.4523
1.3752 1.2708
1.1787. 1.089e

.9823 .9077

0.11
41D IN .1*

7.5746.
7.4111
7.2427
7.0743
6.058
.7374
6.5610

"6.4005
6.2321
6.0637
5.8952
5.7268
5.5584
5 . 91
5.22115
5'.0530
'4.8846'
4.7162
4:477
4.379.3
4.2109
4.0424
3.874%,
3.71)56
3.5371
3.3687.
'3.2003
3.0318

2.6950i
2.5265
2.3581. :-
2.18971 .

2.0212
. 1.8528

1.6843
1.5159
1.3475

7161796

".8041202

0.12

7.05A8
6.90t0
6.7451
6.5882
6.4114
.6.2745
6.1/76
5.9608
5.8039
5.6471
5.4902
5.3333
5.1765
5.0196
4.86.27
.4.7059
4.5490

:4.3922
4.2353
4.0784
3.9216
,3.7647
3.6078
3.4510
3.2941.,
3.1373
2.9804
2.8235
2.6667

1.5098
2.3529
2.1161
2.1392
/68124
1.7255
1.5686
1.4118
1.:2549.
1.09§3

.9412
.7843

t

r

, ,

415
a



47

8-33

.1/

Table 8-15. Fuel Cost Factors

ANNUAL RATE-OF FUEL INCREASE = .g2
NUMBER OF ,YEARS = 25

eto

I, . 0.08 0.09 0.10 0.11 0.\12
F .6 .0 alb II ma. a.

.10 10.4110 9'.:5465 4.7924 8.1314

.12 .11.1532 10.1796 3.3344 8,5970 7.9507

.14 10.8997 9483 9.1222 8.4016 7.7700

.A6 10.6462 4.7169 8.9101 8.2062 7.5891;',
ap 10.392T, 9..4856 '8:6974 8.0108 /.4087
020 13.1392' 9.2542 3.4858 7.8155 7.2280
:22 1.8857 ' 9.3228 8.2736 7.6201 7.0473
.24 9.6323 8.7315 8.0615 7.4247 6.8666
.26* 9.3788 8.5601 7.8494 7.2293 6.6859
:28 9.1253,. 8.3288 7.6372 7.0339 6.5052
.30 8.8718 8.1974 7.4251 6.8185 6.3245
.32 '8.6183 7.8661 7.2129 6.6431 6.1438
.34 4.1649 '7.6347 .1038 6.4477 5.9631
.36 4.'1114 7.4034 6.7886 6.2.524 5.782
.38 7.8579 7.1720 5.5765 6.0570 5.6017

./..7.6044 6,-9406 6.3643 5.8616 5.4210
.42' 7.3509 6.7093 '60.522 5.6662 5.24.03
.44 -7.09Z5 6.A779 5.9401 5.4708 5.0596-
.46 6.81,4Z 6.246,6 5.7279 5.2754 4.8789
.48 - 6.'59056 6.0152 5,5158 5.0800 4.6982

6.3370 5.7839 .5.3036 4.8847 .4.5175
.52 6:1835 5.525 '5.0915 4.6893 4.330
.54 5.8301 5:3212 4.8793 4.4939 4.1561
.56 5.5766 .-5.0898 4.5672 4.2985 3.9754
.58 5.3231 4.858 4.4550 4.1031
.60 5.0'696 -4.3271' 4.2429 3.9377 3.6140
.62 4.8161 4.3957 4.0397 3.7123 3.4333
.64 .4.5627 4;1644 3.3186 3.5170 3.2526
.66 4..3092, 3:933 0 3.6065 3.3216 3.0719
.68 4 4.0557 3.7017 3.3943' 3.1262- 2.4912

' .70 3.842 3:4703' '3.1422 2.9308 2.7105
.72 3.548k 3,.2390 2.9700 2.7354 2.5298
.74 3.2952

r{

3.0076 2.7579 2.5400 2.349/
.76 3.0418 2.5457 2.3446 2.1684

,-.78 '2.7883 2.5449 2.3336 2.1492 ".A..9877
.80 2.5348 2.3135 2.1214 1.9539 1.'8070
.82 2.2813 2.0522 1.9093 1.7585 1.6263
.84 2.1278 1.8508 1.6972 1.5631 1.4456.
,86 1.7744 to6i95 1.4450 1.367/ 1.2649
.88 - 1.5209. 1.3801 -1.2729 fe1723 .1.0842

1.267 1.1.568 1.0607 .9769' .9035

--

\416
p

If

1.
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Table 8-16.. Fuel Cost Factors

-e

ANNUAL RATE AF' FUEL I4CREASE
NUMBER OF YEAR'S = 25

F
.10"
.12
.14

.18

.20

.22

.24

.26

.28

.30

.32

.34

.36

.38

.40

.42

.46

.50
`.52
.54
.56
.54
.60
.62
.64_

.68
..70.
..72
.74
.76
.78

.80
;82(
.84

.88

.90

I 01 08
0DM/dare

13.7.417-
13.4363
13.1309
12.8255
12.5202

'12.2148
11.9094
11.6041
11.2987
10.9933
40.6880
10.3826
10.0772
9.77/8
9.4665
9.1611.,
6.8557
'8.5504
8.2450
7.9396
7.6343 '

.7.3289.
7.0235
6.7181
24.,4128
6.1074
5.8020
5.4967
5.1913
Q.,8859
4.5606
4.1752
3.9698
.3.6644
3.3591

0:09
gr. AID AID

12:4353
12.1589
11.8826
11.6063
11.3299
11.0536
10.1772
10.50W9
10.2246
9.9482
9.6719
9,.3955
9.1192
8.8429
8.5665
8.2902
8.0138
7.7375.
7.4612
7.1848
6.9085
6.6321
'6.3558
6.0795
5.8031
5.5268
5.2505
4.9741
4.6978
144214

3.868C
3.5924
3.3161
3.0397'

3.0537 2.7634
2.9.83'j, 2.4871
2.4430 . 2.2107
2.1376-A 1:9344
1.8322 '1.6580-
1.5269 1.3817

4.J.- -0.10

11.3093
41.0580
U.8067
10.5554
10.3040
10.0527
9.8014
9.5501
9.2988
9.0474
8.7961
8.5446
.8.2935
8.0422
7.7909
7.5395
7.2882
7.0369
6.7856
6.5343
6.2829
6.0316'
5.7803
5.5290
5.2777
5.0264
4.7750
4.5237'
4.2724
4.3211
3.7698
3.5185
3.2671
3.1158
2.7645
2..5112
2.2619
2.3 05
1 592
.079

1..2566,1,

`417

0.11
- - --

10.3342
-10./046.
9.8749
9.6453
9.4156
9.4860
4.-9563
8.7267
8.4970
8.2674
8.0377
7.8381
7.5784
7.3486
7.1191
6.8495,
6..6998
6.4302
6.2005
5.9709
5.7412
5.5116
5.2819_
5.0523
4.8226..
4.5930
4.3633"'
.4.1337
'1.9340
3.6744
3.4447
3.2151
2.9354
2.7558 .

2.5261
2.2965
2.0668
1.8372
4.6075
1.371%
1.1.482,-

0.12
ow WO OD 'MN

'9.4859
9.2751
9.0643
8.8535
8.6427
8.4319
8.2211
8.0103
7.7.995
7.58-87
7.3779
7.1'671

6.9563
6.7455
6.5347
6.3239
6.1131

/Th
5.6915
5.4807
5.2699
-5'.0591

4.8483
4.6375,
4.4267
4.2159
4,0051

.

3.7943
3.5835
3.3727
3./623
29512
2.7404
2.5296
2.3/68.;
2.1380
%.5972
A.686
1.4756
1.2648
1.0540



I

Table 8 -1

8-35

1

. Fuel Cost Factori

ANNUAL RATE OF FUEL INCREASE = 36
NUMBER 04 YEARS .= 25,

I 0.08
F
.10 16.7990
.12 16.4256
.14 16.0523
.16 15.6790
.18 15.3057
.22 14.9324
.22 14.5591
.24, 14.1858
. 26 13.81,25
.28 13.4392
.30 13.0659
.32 12.6925
.34 12.3192
.36 11.9459
.38 11.5726
.40 11.1993

ry .42 10.8260..
.44 10.4527
, ts.t 10.0794
.48V 9.7061
.53 9.3.328
.52 8.9594
.54 8.5861
.56 - 8.2128-
-.58 7.8395
.60 -7.4662
.62 7.0929 i
.64 6.7196
. 66 6. 463
.68 5. 730
.7G 5.5 97

..72 5.2 63
.74 4.8 0
.76 4.4797
.78 4.10 4
.80 3.733
.82 3.350
.84 2.9865)
.86 2.61-32
.88 -'2.2399
.90 1.8666

0.09

15.3684
14.7336.
14.'3987
14.0639
13.7290
13.3942
13.3593
12.7245
/2.3896
12.0547
'11.7199
4.3850
11.0502
10.7153
10.3805
40.045-6'
9.7108'
9.3759
9.0411.
8.706
8.3714"
8.0465
7.7016
7.3668
7.0319.
6.6971
6.3622
6.0274
5.6924
5.3577_,
,5.0.228

4.6881
4.3531,
4.0182
3.6834

' 3.3489
,3.0137
N2.6788
2;3440
2.0091
1.6743

0.10 0.11

-13.5872 12.3135
.13.2853 12.0399
12.9834 11.7662
12.6814 11.4926
12.3795 11.2190
12.1776 13.9453
11.7756 10.6717
11.4737 -10.3981'.
U.1717 10.1244
13.8698' 9.8508
10.5679 9.'5772

9.3035
9.0299
8.7563 ,

8.4e26

s

10.2659
9.9640
9:6620
9.3601
9.0.582" 8.2090
41,7562 7.9354
8.4543 4 7.6617,
8.1523 J.3881
7.8504 '7.1145
7.5485 6.8408
7.2465 6.5672
6.9446' 6.2936
6.6427 -6.0199'-
6.3407 5.7463
6..0388-
5.7368 ,

5.4349
5./330
4.831e
4.:5291
4.2271
3.9252
3.6233
3.3211
3.0194.-
2.7174
..1.155
2.1136
1.811:6
1.5097

5.4727`
5.1990
4.9254
4.6518
063781.
4.1345
3.8309
3.5572
3.2836
3.0100
2.7363
2.4027'
2.1.891
1.9154
1.6418
1.3682

'0.12

11.2131
10.9639
10.7147
110.4655
10.2164
9.9672
9.7180
9.4688
.9.2/96
8.9705
8.7213 ,

8.4721
8.2229
7.9737
7.7246
7.4754
.7.2262/f
6.9770
6.7278
6.4787
6.2295
5.9803
5.7311
5.4819
5.2328
4.9836
4.7344
4.4852
4.2360
3.9369
3.7,371
3.4885
3t2393
2.9902

,2.7410.
2.4918
2.2426
1.9934
4.7443
i.4951-
1;2459

1
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Table 8-18. Fuel Cost Factors

0

ANNUAL RATE ',OF FUEL INCREASE, .08
NUMBER OF YEARS = 25

.

I 0.08 0.09 3.10 0.11.
1.

.10 20.8333 18.5211 16..5561 14.4769

.12 20.3704 18./10111'6.1882 14.5463

.14 19.9074 17.6986-- 15.8203 14.2157

.16 19.4444 17.2870 "15.4524 13.8851

.18 18.981.5 16.8754 15.0844 13.5545

.21 18.5185 16.4638 14.7165 13.2239

.22 18.055'6 16.0522 14.3486 12.8333

.24 17.5926 15.6406 13.9807 12.5627

.26 .'17.129E 15.2290 13.6128. 12.2321

.28 16.6667 44.8174 13.2449 11.9015

.30 16.2'037 44,.4058 12.8770 11.5709

.32 15.7407 13.9942 12.5090 /1:2403

.34 15.277e 13.5826 14.1411 10.9097

.36 14.8148 13.1110 lte-7732 10.5791

.38 14.3519 12.7594 11.4053 10.2485

.40 13.8889 12.3478 11.0374 9.9179

.42 13.4259 11..9362 10.6695 9.5873

.44 12e9630 11.5246. /0.30/6 9.2567

.46 12.5000 11.1130 9.9337 8.9261

.48 12.0370 10.70/5 9.5657 8.5955
11.5741 10.2899. 9.1978 8.2649
11.1111 9.8783 8.8299 70343

.
.54- 10.6481 9.4667 8.4620 7.6038

10.1852 , '9.0551 8.0941 7..2732
9.-7222 8.6435 7.7262 6.9426

.6o ' 9.2593 8.2319 0.3583 6.6120

.62 8.7963 7.8203 6.9903 6.281'4

.64 8.3833 7.40.87 6.6224 5.9508_

.66 7.870 6.997/ 6;2545 5.6202

.68 7..4074 . 6.5855 5.1866 5.2896

.70 -6..9444 6.1739 5.5187 4.9590

.72 6.4815 5.7623 5.1508 4.6284

.74 6.0185 .5.1507 4.7829- 4.297.8

.76 5.5556 4.9391 -4.4150 3.9672

.78 5.0126 4.5275 4.0470 3.6366

.80'' 4.6296' 4.1159 3.6791 3.3060

.82 4.1667 3.043 3.1112, 2.9754

.84 A.7037. -3.2928 ),2.9433 2.6448

.86 3.2407 2.8812 2.5754. 2.3142

.88 2.7778 2.4696 '2.2075 1.9816

.90' 2.3148 2.0580 1.8396 1.6530
e A.

. ,
t.

44.9

0.12

13.4359
13.1373
12.83&7
12.5402
12.2416
11.9430
11.6444
11.8455
11.0473
10:748t
10.4501

.1516
9.8530
9.5544
9.2558
.4.9573
8.6587
8.3601
8.06/5
7.7630
7.4644
r.1658
6.8672
6.5687
6.2701
5.9715
5.6729
5.3744
5.0758
4.7772
4.4786
4.1301
3.381.5
3.5829
3.2843
2.9858
2.6872
2.3886
2.09d0
1.79/5
1.4929-
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Table 8-19. Fuel Cost Factors

ANNUAL RATE OF FUEL INCREASE
NUMBER OF YEARS = 25,

S

I 0.08

.10 '26.1927

.12 25.6107:
:14 25.028*
.16 24.'4466
:18 23.8645
.20 23.2824
.22 22.7004'
.24 22.1183
.26 21.5363
.28 20.9542
.30 1721
.32 19. 7901
.34 19.2080
.36
.38
.40

.42

.44

.46

.48

.52

.54

.58

.60

.62
164
.66
.68

..7p
.72
.74
.76

.78

.80

.82
:84
.86
.88
.90

18.6260
18.0439
17.4618
16.8798
16.2977
15.7156'
15.1336
14.5515:
13.9695
13.3874
12.8053
12'.2233
11.6412
11.0592
10.4771
9.895U,-*
9.3130
8.7309
8.1489
7.5668
6.9847
6.4027
5.8206
.5.2385
4.6565
,4.0744
1.4924
2.9103

0.09.0,
23.0830
22.5700
22.0571
21.5441
21.0311
20;5182
20.0052
19.4923
18.9793
13.4664
17.9534
17.4405
16..9275
16.4146.
15.9016
15.3886
14.8757
14.3627
13.8498
13.3368
12.3239
12.3109
11.Z980
11.2850
10,7721
10.2591'
9.7461
9.2332
8.7202
8.2073
7.4943
7.1814
6.6484
6.1555

. 5.6425
5.1295
4.6166
4.1036
3.5907
3;0777
2.5648

O

420

I

= .10 4

0 10' 0.11 '0.1i
4040.114, MIN *0

20.4545 '18.2230
20.0000, 17.8181
11.5455 17.4131
9.0909 17.9082

18.6164 16.4032
18.1818 16.1982
17.7273 15.7933
17.2727 15.883
16.818a 14.9834
16.3636 14.5734
15.9091 14.1735
15.4545 13.7685
15;0000 13.3635
14".5455,_12.958 6
14.0909 12.5536
11.6364,'
13.1818
12.7273
12.2727
11.8182
11.3636
10.9091
11.4545
10.0000
9.5455
9.0909
5.6364
5.1818
7.7273-

12..1487
11.7437
11.3388
10.9338
10.5289
10.1239
9.7189
9.3140
8.9090
8.5041
8.0991
7.6942
7,2892
6.8843

7.2717 6.4793
6.5182 1 6.0743
6.3634 5.6694
5.4091 5.2644
5.4545 '4.8595
5'.0000 :4.4545
4.5455 4.0496
4.0909 3.644.6

16.3200
15.9573
15:5947
45.2320
14.5693
14.5067
14.1440
/3.7813
13.4187
f1.0560
12.6933
12.310
11.9680
11.6053
11.2427
10.8800
'10:5173
10.1547
9.7920
9.4293
9.0667
8.7040
8.3414._
7.9mr

r 7.-6160
7.2533
6:8907,
,6.5280
t6.1653
5.,8027
5.440G
5.0773
4.7147,
k.3520'r.

3.9893
3.6267

,.3.2640

)

34,6364 3.2396- 2.9013
3.1818 1.8347 ''2.5387
2.7273 2.4297 2:1760 r
2.2727. 2.0248 1.8133

_L

1

a
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Table 8-20. Fuel Cost Factcirs-

4'4

ANNUAL RATE QF FUEL INCREASE' = .12
NUMBER OF /fARS = 25

0.08 0.09 0.10
a .01, mlo ONO 40 MO ma WI.F

40 33.3521 29.1438. 25.6067
.12 32:6109 28.4962 25.0377
r140 31.8697 .27.8485 ?4.4686'
.16 31.1286 27.2009 23.8996
.18 30.3874 2615533 23.33'06
.20 29.6463 25.9056 22.7615
.22 28.9051 -25..2580 22.1925
2 16 28;1640 24.6103 21.6234
.26 27.4228 23.9627- 21.0544
.28 26.6816 23. 3t51_ 20.4854
.30 . 35.9405 22.6674 19.9163
.32 25.1993 22.1198 -1913473
.14 24.4582 21.3721 13.7783
.36 23;7170- 20.7245_ 18.2093
.38 22.9759 20.0769 17.6402
.40 22.2347 19.4292- /7.0711
.42 21.4935 18:7816 16.5021
.44 20: 7524 18.1339 15.9131
.46 20.0112 17.4863 15.3640
.48 19.2701 16.3387 14.7950
.50 18.5289. 16/1910- 14.2259
.52 , 17.7878 15.5434 _13.6569i
.54 17.0466 14.8957 111'0879
.56 16.3055 14.2481 12.5188
.54 15.643 13:6004 11.9498
.60 14.8231' 12.9528 11..308
.62 14.0820 12.3027-- 10.8117
.64 13:3408 11.6575 10.2427
.66 12.5997 11.11)99 9.E736
.68 11.8585, 10-.'3622 _ 9.1:46
.70 11.1174 9.7146 8.5.156
.72 10.3762 9.0670 7.9665
.74' 4.6150 8.4193 7.3973
:76 8:8934." 7.7717 6.8285
.74 - 8.152\7. 8.2594

. .80 7.10./16 6.4764 5.6904
.82 6.6704 5.8288 4.1213

'4.84 5.9293 5.1811- -4.5523
.86 5.1881 4.5335, 3.9833
88 4.4469 3.8858 3.4142'

.90 3.7058 ''3.2332 2.8452

5.11
Mr 41111

22.6208
22.1/31
21.6154
.21.1127
'20.6101:
21./074
"19.6047
19.1020
18.5993
18.0966
17.5940
17.0913
16.5886
16.0859
15.5332,
15.0805
14.5778
14.0752
13.5725
13.0698
12.5671
12:0644
11.5617
11.091
10.5564
10.0537
9.5510
9.0433
8.5456
8.0430
7.5403
7.0376
6.5349,
6.0322
5.5295
5.1268
4..'5242

4.0215
3.5188
3.0/61
2.5134

a .11

20.0893
19.6429
19.1964
18.7500
18.3036
17.8571
17:4107
16.9643
16.5179
16.0714
15.6250
15.1786
14.7321
14.2857
13.8393
13.3929
12.9464
12.5000
12.43536
11.6071
11.1607
10.7143
;C.2674
9.8214
9.3750
8.9286
.8:4821
4.0357
7.5893
7.1429
6.6964
6.2500
5.8036
5.3571
4.9107
4.4643
4.01.79,
3.57/4
3.1250

.2.6786
2.2321

4
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ANNUAL
NUMBER

Table 8-21.

IWREASE
=-430

Fuel Cost Factors

RATE OUFUEL
OF YEARS

.

I 0.08 0.0.9 0 .Q.1.1 0.12

10 10.132'0 9,2463 8.4842 7.8244 7.2497
:12 9.9068 9.0408 8.2957 7.6505 7.0886
.14 9.6817 8.8353 8.1071 7.4767 6.9275
.16 9.4565 8.6299 7.9136 7.3028 6.7664
.18 9.2314 8.4244 7.7301 7.1289 6.6053
.23 9.0062 8.218.9 7.51t15 6.9550 6.4441
.22 8.7811: 8.0115 7.3510 6.7812 6.2830
.24 8.5559 7.8380 7.1645 6.6073 6./219
.26 . 8.3308 7.6025 6.9759 6.4334 5.9608
.28 R.106 7.3970 6.7874 , 6.2595 5.799.7

7.8804 7.1916 6.5988 6.0857 5.6.38.6.30
.32 7.6553 6.9861 6.4103 5.9118 5.4775
.34 7.430.1 6.7806, 6.2218 5.7379 54,31 6 4

.36 7.2050 6.5751 6.1332 5.5640 5.1553

.38 6.9798 6.3697 5.8447. 5.3302 4.9942
= .40 6.7547 =6.1642 5.6561 5.2163 _4.8331
.42
.44

6.5295
6.3044

5.9587
5.7532

5.4676' 5.0424
5.2791 4.685

'4.6720
4.5109 1

.46 6.0)792' 5.5478 5.0905 4.6946 4.3498

.48 5.854'0 5.3423 4.9020 4.5208 4.1887

.50 5.6289 5.1368 4.7135 4.3469

.52 5.4037 4.9314 4.5249 4.1730 3.3665

.54 - 5.1786' 4.7259 4.3364 3.9991 3.7054

.56 4.9534 4.520 4 4,1478 3.8253 3.5.443

.58 4.1283 4.3149 3.9593 3.6514 3.3832

.60 4.5031 4.1095 5.7701 3.4775 3.2221

.62 4.2180 ,3.9040 3.5822 3.5016 3.361J

.64 4.0528 3.6985 3.3937d 3.1298 2.8999

.66 r' 3.4276 3.4930 3.2052 110.9559 2.7388

.68 3.6025. 3.2876 30166 2.7820 2.5777

.70 3. 3 773 3.1'821 2:8281 2.6081 2.4166

.72 3.1522 2.8766 2.6395 '2.4343 2.2555.
- .74 2.9270 2.6712 2.4510 _____2_464114- -2.O943

.76' 2.7019 2.4657 .2.2625 -. 2.0865 1.9332

.78 2.4767 2.2602 2.0_739 1.9126." 1.7721

.80 2.2516 2.0547 054 1388 1.6110

.82 2.0264., 1.3493 1.6968 1.5649 1.4499

.84 1.8012 1.6438 1.5083 1.39.13 1.2888

.86 1.761 1.4383 1.3198 1.2171 .` 1.1277

.8R ' 1.3509 1.2328 1.1312 1.3433 .9666

.90 1.1258 1.0274 .'9427 .5694 .5055

_422
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Table 8-22. -F.uel Cost Factors

ANNUAL RATE OF FUEL INCREASE = .02
NUMBER OF YEARS

I 00.48
F

= 30

0.09
M Ole ASO

.0.10
Mt =1.W*.

0.12
M

.10 12.2999 11.1018' 10.3822 9.2087.' 8.4559

.12 12.0265 10.8551 9.8581 4:0041 8.2680

.14 . 11.7532 10.6084 9.5341 8.7995 '4.0800
..16 11.4799 10.1617, .".9.4100 8.5948( 7.8921
.18 11.2066 10.1150 9.1860 8.3902\ 7.7042
.20 10.9332 9.8683'. : 8.9619 8.1856 7.5163
.22 10.6599 9.6216 '8.7379 '7:9809 '7.3284
.24 10.3866 9.3749 8.5138 7.7763,: 7.1405
.26 10.1132 941282. 8.2898 7.5716 6.9526
.28 9.8399 8.88/5 8._0657- 7.3670 6.7647
.30 9.5;666 A.6348 7.9417 7.1624 6.5768
.32 9.2932 8.3880 7.6176 6.9577 6.3889
034. 9.3199 8.1413 7.3936 6.7531 6.2010
.36 '8.7466 7.8946 7.1695 6.5484 6.0131
.38 8.4732 r7:6479 6.9455 6.1438 - 5.8252
.4"0 3.1999 7.40.12 6.7215 6.1392 5.6372
.42 7.9206 7.1545, 5.9345 5.4493
.44 -7:6531 6.9T)7.8 6.2734 5.7299 5.2614
.46 7.3799 6:6611 .6.0493 5,5252 5.0735
.413 7.1066 6.4144 5.8253 5.3206 4.8856

_t50 6:8333 B.1677 5.6012 5./160 d : 4.6977
,6.5599 5.92/0- 5.3772, 4.9113' 4.5098

.54 6.2866 5.6743 5.1531 . 4,7347 4.3219

.56 6.0133 5.4276 4.9291 4.5021 4.1340

.58 5.7399 5.1419 4.7050 4.2974 3.9461

.60 5.4666 4.4341 '4.4810 4.0928 .3.7582

.62 5.1933 4.6874 P4.2569 3.8881 3.5703

.64 4.9200 4.4407 4.0329 306335 3.3823

.66 4.646,E - 4.1940 3.8388 3.4789 3.1944

.68 4.3713 3.9473 3.5848 3.2742 3.0065.

.70 -1.000 3.7006 3.3637 3.0696 2.8186

.72 3.8266 3.4534, 3.1367 "241649 2.6307

.74 3.5533 3.4072 2.9126 276603 2.4428

.76 3.2800 2.9635 2.6886 '2.4557 2.2544

.78 3.0066 2.7138 2.4645 2.2510 2.0670

.80 2.7333 2.4671 2.2405 2.0464.'. 1.8741/

.82 2.4600 2.220.4 2.4464 1.8417 1.6912'
'2.1866 1.9737 1.7924' 1.6371 1.5031
1.9133 1.7270 1.5683 1.4325- .1.3154
4.6400 1.4832 ` -1.3443 1.2278 1.1274

#90_ 1.3667 1.2335 f.1202 1.0232, r-.9395

4243

Ts,
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Table 8-23,- Fuel CoSt Factors

ANNUAL ,RATE OF FUEL INCREASE, . 04
NUMBER OF YEARS = 30

.,. -"-\

I 0.08 0.49 . 0.1D
F ........... 0.0D .011

r

o.ti
011t fr fi

,, 0.12
ati00Wai

I.

.10 15.2478 13.5,97 12/.2119 11.0355" 10.032.1

.12 14.9090 13.2975 1.1.9405 10.7903 . 9:8092
.14 144.5701 12.9953 11.669.1. 10 .5451 9.5862
.16 14.2313 12.6931 11 . 3978 10.2 998 9.3633
;18 .13. 8924 12.3909 11.1264 10.0546 9.4404 t
.20 13.5536 12.0887 3.8550 9.8394 8.4U74
.22 13.2148 11.7864 . 10.5836 .9.5641 8.6945
.24 12.8759 11. +842 ` 10.11-.23 9:3189 8.4716
.26 12.5371 1,1.182 "''10'.0409 . 9.0737
.28 12.1482 10.8798 9. 7695 8.82434' 8.0257 411
.30 '11.8594 10.5776 964981 8.5482 7.90g 7
.32 11.520E 10.2754. '9.2268 8.3380 7.5/98 .
.34 11.1817 . 9.9731' 8.9554 , 8:0927 7.035.69

K"

.36 1.0.8.429 9.670 S. 8.6840- 7.8.475 7.133,

.38 10.5040 9.3687 8.4126 . 7.6323 6.9110 ,,t1

'.40 10.1652 9.0665 8.11413 7,43570 6.6881
".42 9.8264 8.764 z, 7.8699 7.111-8 4,,e, '6.4651
.44 9.4875 8.4621 7.5 5 6.8666 6.2422
.46 9.1487, 8.1598 .,3271 4' 6.6213 6.0.193 .

.48 8.80'98 7.8576 7.05,58 6.3761 5.7963
..50. 8.4710 7.5554 6.7844 6.130.9 ,5.5,734
.52 8.C1322 7.2532 6.5130` 5.8856 5.3905
.54 7.7933 6. 5514 6.2416 w 6404 5.1275
.56 7.4545

:
6.6488 5.9703 49.301 4.9046

.58' 7.1156 6.1465 ;:;5.6989 .. 5.1499 4.68'16

.60 6. 7768 6.0443 5.4275 4.9047 -4.4587

.62 . 6.4380 5.4421 5.1561 4.659,4 4.2358
.p.64 6.0991 5.4499 . 4.8848 4.4142 4.0128
.66 ii5; 7603 5. 1 1.5. 4.6134 4.1690 3.7899
.68 A..4214 4.8399 ". 4. 3420 3.9237; 3.5640
.70 5.0826 4 .;5332 4.1706 3..&T89 3.3440
.72 4.743'8 ft. 2310 3. 7993 3.4333 3.12111
.74 4.4049 . .3.9288 . 13.5279 3.1880 2.8982
.76 4.0661 '3.6266 3.2565 2.9428, 2 . 6752
.78 3. 7272 -3.3244 2.9851 1.6976 \214523 -

;.80 3.3884 0212 2. T138*`, 2:4523 .2294
.82 3.0496 2.7199 2.4424 2.2071 2.0064
.84 2.710? 2.4177 2.1710 1.961.9 ; 1.7835
.46, 2.3719 2.1155 1.8996 1.7166 1.5605
.88 . 2.0330 ''.1:8133 :1 .6283 1.4'714 1.3376
.90 1.6942 1.5111 1.3569 1.2262 1.1147

424



D,

8-42

Table 8-24.- uel Cost Factori

A NNUAI. R A TE--Of FUcl. INCREASE = .06
NUMBER OF YEARS = 30

b-*
1 0408 -^4 0.11

F
.10 19:3152 4_7.0132 ( /49;094 .13..-0139

. .12' 18. 88.60 °, 16.635 14. 7487 1-3.1843
- .14 -18. 4568 16.2171 14.4232 12.8847-

.16 18.. 0275 15.8790 14.0878 12.5850.
8 17.59113 1 .5009 13.7524 12.2854
0 f 17.1691 1 :1228 13.4170 11.9857

22 16. 7399 14.7448 13. 38/6 11.6861
.24 16 310 6 14.367.4 12.7461 11.3864
:26 19:881-4 13.9886' A2.4107" 11.0868
.2.8 15.4522 "14113.610 6 12.0753 10.7872
.30 15.0230 13.232-5 11.7399- 10..4875'

44.5937 , 12.8544 11.4044 10.1879
.34 .14.1145 1'2.4763. 11.0690 e 9..81382
.36: 13;7353 120983 10.7336 9.5886,
.38 13.3060
..40 12°. 8768
:42 '` 4476';
.44- 1i06184
.46 -11. 4A91
ertr4 1 1. 1949-

, .50 - 10.7307
,10.. 3015--,-

.., .54 9.8722
I. .56. 9.4'430

;58 : 9.138

I.

0.12
ea Iwo M Ine

12.1244
11;8550-
11.5856 °

11..3161
11.044 qX

.277.73
10.5078
10.2384
9.9690
9.6995
9:430.1
9.1607
8.8912

11' 8.618
11-.702 10.3982 9.2889 8:3524
11.3421 /9.3627 8.989,3. f 8.08290
i0.9641 7273 8.0397 7.8135,
16-.4860 9.3919 8.3900 7.5441
10.2079- 9.0561 8.0904 7:274,6
9.3298 8.72/0 7.7907 7.0052
9.4518 8.3856 7.4911., 6.7348
9.0&31111 8.050'2 7.'1914 6.4664,
8:6956 -7 c7/46 6.8918' 6.1969
8.317E 7. 3793 **----1°-6 .5322 , 5.9275t)t.
7.9395 7.0439 6.2925 5:656:1 r00' 8. 5.840-. *7.5614.

.64. 7261 ,. 6.8'353
9.62 1. 155,3 7.1833

./66 7.2969 6;4272
.68 6. 8676 6.0491
.76 6. 4384 ..5.67114
.72 6. 0092 5.293b-
.74 5.5800 -; 4.9149 4.3605
.76 5.1507 4.5.369 4.0241

z. .78 , .4. 7215 4.1538. 31,46897
.80 ' 4t2923., ..3.7237
.82 3. 8630 3,.4026 - 3.11.88
.8..4 3. 4338'.':+r 3.0246 2.6834 ,

.
. .

6.7085
6 0731
6.00376
5.7`022'
5.3668
5.03/4
4.6959

1

.86 3.004.6` 2.6455 2.3482.
p 88 2.5754 - 2.2684 2.0127
..sq . 2. 1461 1.89f4 1.6771

t.

.. 5.9929 . 50,886
5.693-2 5:1192
.5'.393:6 4.8498 ,"
5.0939 4.5843
1.!7943, 4.3109
4.4946 4.0415
4.1950 . 3.772-0
3.8954_, 0 3.5026
3,5957 3.2332
3.2961' .2.1637
.2:9904 _ 2.6943
'2696,8 2.4249
2 .4371 2.1555
2.0975 148866,
1.7979' 1.61.66'
/v.4182',!* 3472

4

,425-
7. ,
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Table,8-25, Fuel Cos1 Factors

ANNUAL RATE. OF. FUEL INCRtAS El* .08:
NUMBER OF YEARS = 30

I 0.08 0.09 0.10 ,

Vi
.18 25. 000 0 21.7410 19.1496
.12 . 24.'4444 21.2578 1846262
.1.4 '234 8889 . 20.7747 18.2029
:16 . '23. 3333 20.2916

.18,22. 7778 19.8084 17.3561,-,
.20. 224 2222 19.3253 16.49329

21°6§.6.7% 342 L6s5096
.24 .21.91111 590 1'6.0863
.26' 20.5556 (4 59 15:4,6630
.28 2.0..GOO*0

'30 19.44444
: 18:8889

:34 18.3333
..16; 17.7778

"-,.438' 17.'2222
.40 16.6-667

)

(
A

4

0.12

16.8130 14.9429
16.4394 14.6108.
16.0658 14.2.788
15.6922 13.9467
15.3186 - 13.6147
14:9449 13.2826
14.5713 1-2.9505 .

.14.1977 12.6185 /-
13.824 12.28,64

/7 928 15.2397 13,45
0i

11.9543
16.909.6. 14'.8163" 13.0768' 11.622.3
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Table-0-46.

' 8-44 ,

Fuel Cost Factors.l.

ANNUAL RATE .OF FUEL INCREASE =

NUMBER--OF XEARS'=.30,

I 0.08

.10 33.0334

.12 32.2993'
31.5652
30.8312
30.0971

.' 29%3630
28.46289
27.8949
27.160-8
26.4267
25.6926
24.9586,
24.2245
`23.4904

- 22.7563
22.0223
21.2882
20.5541

.14
- .16

.18

. 20

.22

.24

.26

.28.

.30

.38

.40

. 44

pr .46

.5b-

.52

.54

.55

.58

.60

.62

.64

.66

'1110011/ 9.45,54
.22 10.2771 -.8.8251
.74 9.5434 8.1947
;76- 148.1,53 . 7.5644
.78' , 8.10748 6.9340

3.09

.10 -;

0.10
4111 4110

28;3663 24.5456
27.7360 24.0000
27.1056 2.4545
16.4762 22.9091
25.8449 22.3636'
25.2145 21.8182
24:584/ 21.2727
23.353 20.7273
23.32 4 26:1818
22.- 1 19.6364
22.0 7 19.0909,
21443 18:54551
20.80 '18.0000
20.1716 17.4545
19.5412 16.9091
18.9109 16.3636
18.2835415.8182
17.6502 15.2727

19.8230 17.0198- 14.7273
19,06.60-' 16.3894 14.1818
18.3519 15.7591 13.6364
17.6178 15.1287 13.0909
16.88407 .14.4983 12.5455
16.1497 13.8680 12.3033

,p5.4156 13.2376. 11.4545
%44,815 12.6)73 10.9091
13.9474. 11,9769 ' 10.1636
13.2134 1 11.3465 , 9.8182
12'4793 10.7162 9.2727
11.7452 10.0858- '8.7273

3:1818
7.6364
7..0909
6.5455
6.0000_
5.4545
4.9091
4.3636
'3.3182
3.2727
2.?t.73

'&80 . 7.34C6 . , 6.3336
.82 6.6067 ., 5;6733
:04 ,5.1726 5.0429

5.1385 4.4125
488 4,4.4045 3.782
.93 13.604 3.1518

I
Os. f

427

0'

0:11
4111 elMO.

Z1.3985
20.9230

'20.4474
19.9719
19.4464
/94209
18.5454
18-.0698 ,

0.12
, MP

18.7909
18.3733 ,

17.9557
17.5382
17.1206
16.7030
1-6.2854
'i5.8679

17.5943 -* /5.4503
17.1188 15.0327
16.6433 14.6151-
16.1677 14.1976
15.6922 13.7800
15.2167 13.3624
14.7412 12.9448
14.2657: 12.5273

12:1097
13.3146 11.:6921--%
12.8391 11.2745
12.3636 10.8570
11.8880 10.4394
14.4125 /0.0218
13.9370 -9.6042

. 10.4615 9.1867
9.9866 84-7691
9.5/04 8.3515
9.0349 7;9339
8.5594 7.5164
84839' 7.0988
7.6084 6.6812
7.1328 6.2636-6.2636 0

6.6573 5.8461
'6.1818 .=.4285
5.7363
5.2qa7 .4.5933
4.7552 4.1758
4.2797 3.7582
3.8042 3.3406
3.3287 2.9230
2.8531 2.5355
2.3776 2.0879
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Table 8-27. Fuel ;ost Factors

A4NUhl RATE OF FUEL INCREASE = .12,
NUMBER 'OF YEARS = 30

F
.10
.12 .

.14

.18

!.22

.26.

.'30

.3
0,

.36

t .44

.48

.50
..52

I 0.11.8 0.09 ,0.10 D.11---- 0.12----
i

27.7860 24.1071
27.1686 23.014,
26.5511 23.0350
25.9336 _22:5000
25.3162 21.9643
24.6987 21.4286
24.0812. 20.8929
23.4638 20.3571

-.--....- ---- - -,

144.4961 37..7434 32.2632 .

43.5014 36.9047 31.5462
420127 36.0654 30.8293
41:5241 35:2272 30.1123
40.5354 34.388 4 29.3954
39.5467 33.5497 28.6784
38.5581 32.7109 27.9614 .

37.5694 31.8722 .27.2445
36.5807. 31.03`35v 26.5275
35.5921 10.1947 , 25.310
44.60,434 : 29.356 0 25.0936
33.6147' . 2P.5172 24.3766
12.6261;: 27.678 5 23.6597..

f31.63.-.-- 26.1398 '. 22.9427
30.6481 , 26:0`010 22.2258
29.66(01. , 25.1.623 °, 21..5088
28./714 1 24..335 < 29%7918

,,2:7. 6 ZT g3.4841 _20.0749
Zfl,:-. 41. 2'2.646 0 19.3579

reeti, *2 1.3073 184 64.10
,

146-7, .20.9 ''. 17.9243
3'89. ' 20.1291 17.2074'

22.8463 19.3214
22.2288 19.2857
21.6114 18.750
26:993,9r1 18.2143
20.3 764 I 1 7.6786
19.7590 17.14'29
19.1415 16.6071
18.5240 16.0714
/7.936 6 15.5357
17.2891 15.006.0
16.6716 14.4643

.16.0542 13.-9286
15.436 7 13.392 9
14.8192, 12.8571.

,54, 247394 190911.' *44901 14.2018 12.344
, .56' 21.7.507 , 1:1571rF2.3 . 15.7.731. 13:5343 41.785 7,

.51 t20.76,2\0 . 17.613 6 15.0562 12.9668 14.2500
40 19.7 734 16.774.8 14.3312 12.3494.1 10.714 3
.62 18.7847 15.4361: :13.6222 ., 11.7319 10.1786

.. .,64 11..7960 '1:5.-0974 : 12..9053 11.11.44 '9.6429
/ .66 :16.8074 14.2516 12.1683 .11.496.9 9.1071

.68 15.8187 13.4199 11.471.4 1.8795 A:5714

./3 :14.8300, 1 2.5811. '10.7544'. 9.2620 8.035 7
072 3. 4 11.7424 10.0374 8.6445 7.5000
.74 X12. 85.2; 1'0.9336 9.3205 1.0271 6.9643

./..::76 .11.8640 10.3649 8.6105 7.43-96 C4236
.-.78 10'. 7 4 9.2262 7.8866' A' 6.7921 5.8929

.80 9.11.867 8.3874 7.1696 , 6.174T 5.3571

.82 8. X80

.14 7./9 93.
036 6.9207
.88 5.9320
go 4.91.33

- 4

7.5.487 6.4526 3.5572 -4.8214
6.71099 40,. 5.07.357 ?' 4.9397 4.2857
50,12 5.0187 4.3223 3.7500
*0125.. . 4.3018 3.7948 :5.2143

"4..1937 .3.5848 3.0873 2.6786
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t..

-TRAIPEE-ORIENTED OBJECTIVE:

4

9-1

INTRODUCTION

To understand energy-conservation
methods and be able to choose and
incorporate the moscost-effective
methods of saving energy

SUB-OBJECTIVES: At the end of the module the trainee should. :

be able to: .

1. Obtain an overview of projected cost and:implications

2. Identify and describe three major factors in excess
energy usage of

a. Building design
Building. operation

c. Building maintenance'

3. Describe the energy saving benefits of

a. Glass area and type
b. External shading
c. Proper sizing ofsheating/coolingoequipment
d. Buffering of entryways'
e. Ins'ulation

4. Design cost-performAnce models considering material,
labor, and overhead mL

5. Describe the benefits of, using load models to determine

cost savings .

6. Utilize. load models to determine cost savings
N . *

7. -Describe the sensitivity to change incosts of energy,
construction,-maintepance, operation, and investment .

funds.

4
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9-2

f

It is not the intent in.this module to discuss all potential

energy-conservation Measures, but rather ta point out a few and prp=

sent a few detailed examples where the, measures are significantly

beneficial, especiklyfor solar heating and/or cobling systems.

In the past, home design has,been based on an ,abundant' supply
.

/
of cheap energy. Now.that these conditIons of supply and cost are

changing, the reconsidei-ation of heating and cooling equipment, archi=

tectural designs, construction methods,-nd home-uter practices is
#-.

,necessary. More effective means must be devised to make efficient

use Of energy in residential buildings. There are approximately 70

million residential living units in the United States and th4
..44p 4 i

account for approxiMately one7fifth of the nation's energy conSup-,$)

tion. Of the total energy produced in the United States, appli**tily
*), fitp-iiis,"

11 percent goes toward residential space heatin.g.' A small, but-Obtentially

1

significant amount of the total electric power generaeed,'.is attribut-

able to cooling of residential buildings. The.potentiai of energy

savings that .can be 'realized in building Construction makes this sub-

ject as important as developing new energy sources.

Federal agencies are concerned with establishing energy-conser-,

vation measures and practices in existing as well as new buildings.
.

.

.41 1

.

Guidelines are available through regional offices of these governmental

agencies. In addition, conservation information is available through. . .

the National Association of Nome,Buipers and public utility

companies".'

a,

# A.
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9-3

(. This module is concerned with four areas df energy impact:

1. Architectural emphasis

. .

?. The materials to be used in the construction of
- the building

. The proper seleCtion of heating and cooing
equipment

. The home-user practices for operating and maintaining
the residential,dwelling. .

Any energy - .conservations modification must.be based upon cost-

performance (or benefit) decisions.

ENERGY CONSERVATION

The recent concern over increasing prices for fuels that are i

'short supply has drawn attention to the need to improve the efficiency

of house and commercial space heating and cooling. The use of solar

heating, and,'in some cgses, soler cooling, should reduce the cost of

these improvements over the whole life of a hduse in locations where.

the cost of solar energy is not too high, and fuel costs are not too

low. Heating and cooling.capital and operating costs presently amount

"to 10 percent of mortgage costs or nearly 3 percent of the gross tarnings

of the average U,S. homeowner. Since these per:centages will likely in- ,

crease with time, improvements in the thermal design of homes and

other buildings ma; be justified now. In most-cases, a deciSion has

been made as to the best value of insulation and other thermal enhance-

ments for the entire life of a building prior to construction. These

decisions tend to be irrevocable, in light of the high,cost of build- -

ing modifTCations or retrofits. Consequently, it is necesyry that
1, -

4.34
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9-4

.".design data and analysis procedures areAJsed prior to initial building

design. In the final analysis, uncertainties as to future'fuel

,prices make all such designs no more than calculated guesses as to

what"the optimum modifications or changes to consider in the thermal

design of a building should be.
.

.

As mexaMple, Table 9-1 indicates some general trends for

energy conservation. The left-hand column indicates.typical.geographi-
.

cal characteristics, and the column headings dlong the top of the page

indicate potential energy-cohservation measures. Double plusses in

the table indicate a strong poSitive effect of the energy conservation

measure for the particular geographical characteristic; single plus

signs'indicate a moderately positive effect; a zefo indicates little,

if any, positive effect; and NR indices a "not relevant" effect.

Where the cost of-fuel is great, most of the conservation modifica-

tions yield strong positive effects. Obviously, where the cost-of

Vergyis less, ibere is less benefit derived. This'table is not

mvnt to be all-inclusive, but rather to give some generaltrends and

, same energy - conservation measures that the designer should keep in

mind fOr ;)new buildirt. In addition to the general chart, Tables 9-2

,and '9-3 give examples of retr9fit packages which have been proposed

v.

bytthe National Association of....Bome guilders to be used as entire

packages for energy-conservative retrofiebuiinesies. Some_examples
,5r

of energy-conservative design changes will be used later in-this
-7 =

module to indicate Possible cost savings, and whether the cost sav-

-ings-are economical.

--Thetleare three major factors contribUting-to excess energy

usage. These factors-ritevolve building design', operation, and main-
,

tenance.

435
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TABLE 9-1. Energy-Conserving Modifications
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+
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+
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+
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+
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+
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++='Strong positive effect; +=moderately positive effect; 0 = little, if any effect; NR = not relevant.
* = In,very low outside temperature, inside humidity limited by condensation on walls and windows.
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TABLE 9 -2.. Retrofit Packageslfor Zone i and Zone 2.

. 9- ,

ZONE 1
(Less than_4500

BASIC PACKAGE: Includes any or ail
items below, where applicable -

Install day/night clock thermostat

Add ceiling insulation to achieve
total of approximately R-19

Tune-up furnace/air conditioning
system

Weatherstrip exteriodoors

Seal allopenings and cracks in
exterior walls

Calibrate water heater temperature

Weatherstrip and insulate attic
access door,

Inspection of entire house for
additional recommendations

70-

BETTER PACKAGE: Includes.items under
Basic Package plus the following items,
where applicable--

Add ceiling Insulation-to achieve total
of approximately R-22

Install R-11 floor insulation 'over'
unconditioned spaces

Tape joints and insulate ducts to
unconditioned spaces .

Install storm windows, all living
areas '

, Blow ipt,kflation in unifisulated

terior'wall cavities (R-11)

, Add or increase,natural attic ventila-
tion,.if necessary

,

Installdwiling fan for summer cooling

t.

ZONE 2

(4500 - 8000 DD)
1

. BASIC PACKAGE: Includes ,ny or all
items *low, where applicable--

Install day/night clock thermostat .

Add ceiling insulation_to achieve
total of approximately R-22

Install storm windows, all living
.

areas . .

t.
Tune-up furnace/air conditioning
system .

, .

,Install storm doors and epfiherstrip
exteriow-primOvors

Seal all openinFand cracks in.'
exterior walls

Calibrate water heater .temperOture-

Weatherstrip and insulate attic
access dbor . .

. .

' Iwspection of entire house for

additional recommendations

,

BETTER PACKAGE: Include5 items'under
Basic Package plus thejollling items, .

where applicable--

Add ceiling insulation tb sthieve
total of approximately 11-30-

...Install R-11_floor insulation over

unconditioned spaces

Tape, joints and insulate ducts in-
unconditionedapaces

Blow insulation in uninsulated exterior'
wall cavfties .

Install 2 x'2 furring and R-7 insula-
tion toes'ementswalls

, .

Install 'basemq!ItLstorm windOwt and
doors-

la*

Add or increase natural attic ventila-
tion

'
(K3

'"Y
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TABLE 9-3. Retrofit Packages for Zon10 e *3- .

",t ZONE 3
, (Greater than 8000 DD)

13ASICPACKA-GE; Includes -any. or all
items below, where applicable

fristalliidayinight clock thermostat
.ceiling ,rns lation' to achieve.

mately R-30

dows , al l living
4F.

tal ofzt
Install s
areas - 14

fat Tune -up. furhate/air conditionifig ,
.. system . . . .,I. '' 1116

.

. 4
Z 4 -I ns ta 1.1, storm doors a41 weather-

strip exterior;,priliie d rs

Seal, all openings :and cr
exterior wall's

s in

'Calibrate water heater. teMperature,
Weatheistrip and insulate-tattc.
access door

. -. . ..
.

,,,,,- Inspection oC'entire hocise for
-- . additional rectommendations

-

4.

, BETTER PACKAGE: Incl tides 1 tels undeq
Basic PAkage ,p`1 us 'the following items,

. ,wliere;applicable --: .
.

'Add- nil ing insulation to achieve
*total of approximatelY R-38; . -., , .

_ Installsik-11- -hoor insulatiovover
° -. unconditioned spaces ''"" --- _

Tape jot and insulate ducts in
uncondi_ o'ned spaces

,
4., Is,

es

4114g-insulation in uninsulatedxerior_
wall cavIti es' 4R-11) :t,

'2x3 framing (1" 'fr.om wail) and
R-11-Instil at on to basement walls
Ii)stalf-bas ent s rip windows and door,

:;Add Orincrease natural atfic ventil a-.
,tion .

-
S.

. .

CUSTOM igfr IONS:. The fill lowi n) i tens
are in 5ddi don to the 43ASIC" or
"BETTER" -ria,ikageS. They 'apply to any:
of the three zones and deelendlon owner's
preference.- -
Replace shower heads with hot water
saving type and reptace defective washers.
in al l faucets -

Build in Irksfibule at entrances 0-
replace: electric resistance heating
with heat- pup)

-Replace furnace heating system i th
PrgPerly sized efficient un
ReptaCe air cllitditioning properly
sized, high EER equipment

I ristal 1 awnings on-EasNest widows

Install attic exhaust fart.
Install exhausts fa,n th win'dow, walJ
or ceiling.beneath attic for summer
cool trig

Install fails) hung from ceiling for
sunimer:cooling

Replace incandescent lighting, with-
fl uorescent i
Modify roof overhang for sthider -shading

. ,

41,
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' BUILDING, DESJG,11
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9-8,, ae7

,

/*N

Design in 11-Lis context 'also inc/PIL consitouction. In. many..
4.

cases the thermal ch-aracteristics of th'e,building-are

. .1..

v.-

fected by the construction. Xior \workmanshipitfor insula-.'

.tton; fitting doors ,and, windows will not- provide the expected R

values and will increase.irffil tration. losses. 'The major ,;factors in
-

4-the/building desigrl are material selection and bui.ding orientation.
. _

For, exapiple, glass area' is important because of heat losses arid.geins ..

. .. . . ;
' N hthrb4. windows. HeatHeat losses and gains th ug windows are larger. ,--

t _ . 1 ,_.
than through' the wal'l's. For...this reason it is very important that'

., _ I.
t the lratio of window 'awe to wall area as well as window location be

,.., '
.

examined. ' Obviously, in,
14

considering bu'i'lding design, it is.impor-,
#'

4 ta4. to take into lonsideration he external environene. Mqs
"`r

,pants will not waPt .to 1 i otali',y enclosed tell'.
,

(This re-
,

, . .

occU

,
quires that windows ,be used:properly .for ancing'-v.iew arrd lightr

. C 1
A

levels, and for cgittence regions, Howeyer, long .yribraen walls of --
...

.. - ..m, i .
, -, . .

glass waste. energlrend liDul.d be -avoided. Horizontal windows elevated
t I; c, ,. , ,..,-

to normal heights should be considered. They provide adequateoli.ght, --"
,. --, - - ,

. so

undiminished views,. and min/
and gains.

V

life glass a-rea to-reduce heat losses
4

, .
EXAMPLE .9-1 ,

Table 9,4 lists the materials in the:construction of a typical
. - .

x

,
till''wall . With an, uninsulated wall, the total resistance . 4 -and

U factor is 0.22.. -With R-11 insulation., total will resisten-Ce is

14.4-3 and the U. factor is:0:07. Thefk-T1;ip.solation,re.diices ;the heat

loss Old gain+ through ,the wail by a factor of:7three.-:

, 414

4
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TABLE 9 -4.- U Factors for a Wall

Wall Construction

Outside SUrfaee

Wood Bevel Si0 d4W -Lapped

1/2" Insulation Board Sheathing, Regulasr
Density

3 1/2" Air Space

R-11 Insulation

1/2" Gypsum Board

gnsNe-Surje

e

U
_

.

'TOTAL

Uninsulated
Wall

Resistance

Insulated

Resistance ,

0.17 0.17

0.81 NO.81

1.32 1.32

1.01,

11.00"

0.45 0.45

0.68 0.68

4.44 14.43

TABLE-9-5.- 'Window Heat Losses

Infiltration Around a Window:

From

-
3' x 5' Double-hung, nOn-weather25tigrd, wood

installation

0

Table 2, Chapter. 19, ASHRAE Guide .

AIR LEAKAGE RATE = 27 ft3/ft-crack-hour (1/16"

(2 51) 4' (3''): 3') 19 'it..

= 0.018 BL (Ti To)
o

-=1:1 = (0.018) (27) '(19) (70-0) = 646/Btu/hi%

-TRANSMISSION LOSSES:

window, average

6,11%.

crack, 3/64"'

,v0 r 6

o.

.9

,Single gaze .0 = 1.13`Btu/(hr). (ft2)(-F) ',f :OPS:

Q (Ti - = (1.13 -) (15)'(761,61)-=1,187

WINQOW TOAL LOSS''. 1,833 Btu/hr.

441
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. Consider-'a wall area of 374 squ are feet and a temperature
q

4'4*, differential between.the inside and outside of 70°F. The heat loss

' 'through the insulatedwall is 1633 Btu/hr and the heat losS for an

uninsulated wall is .5760 Btu/hr.
,

'

°EXAMPLE 9..-2

Consider the lds s through a window. Table
b

40

information fdr a ty ical window. The U facto

5 presepts,;

a,-single glazed

. window from Table -4 is t:13. A 15-square-foot windoW with a 700.
,*.

temperature differential results in.1187 Btu/hr heat goss. 'Table

alsoincludes computation' for infiltration around the window using
0

the."-crack" method. The infiltration losses for-an average window

installation is 646 Btu/hr, for a total window loss of 1833 'Btu/hr.

In other 'words', 15 sqUare feet of window area has the sameloss'as

_374 square feet
,

of insulated,wall or 120 square feet of unin$ulated

wall . One .5quare, foot of glass ha'the same heat 'iss as 25 square

feet of insulated wall area in example '971.

e

Lgss through windows can be4'reduced, by using double glass window,S.

From values give in Table 5-4:, the loss,could be reduced

from I.13 to 0.65 resulting in 40,-persent reduction in total Joss.

pttier building design- factors incl ude the hadip,of .windows

the summertime to Prevent radiation again. In widtertime oper'ation the
,

heat gainfroM the sun can be advantageous. Both sunnier-shading and'

Winteraillumination can be accomplished by using proper))' dimensioned

-oveitings or external shades. External shading Is preferable to

internal sladifigtecause it keeps energy out of the building.
#

internal shading is effective, not ,all of the heat can be conduCted

a .442
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and radiated out once it has entered. 'Buff entryways, or air-
- _

ldas, reduce infiltration los'se5 wheW,a small, buffered area is pro-
. . .

4c5ded between doorways. As ndted from, ihe,eZample in ModUle 5, infil-
.0 ..

.

tration As a major factor in heat losses and 'gains fora building. ,

. N If
.

. - ! 04

Proper sizingof the heattngond cooling system, for the building,

0

'is/important. The combustion efficiency of a gas-fired furnade can

be edycethby 15 to 20,percent below itsfsteady-state operating
,

,

`efficiency if there is frequent cycling. ,The more oversized the .

,

furnace '4s, the mare intermittent will be its operation, and,the lest'

efficient will be i,ts operation. A lampl ing of on-time versus degree-

day heatingl attained for typictl oas'-fired furnaces in the Fort Collins.

area indicates' that most systems are- oversized by a factor Of at least

. 2, This has been accepted in the past becau-sestzing of heating units'

has been by "rule df ,thumb " .rather, than by calculation of heat losses

as outlined in Module 5. The occupants have- been satisfied because
A

the cost 4eor operating has- been very low.

BUILDING OPERATION .

'The effect- of bb.ildig operation on energy conservation is more

difficult td predict' becajse it is influenced by .the life :styles and

the living habfiS,af,the occupants. Energyusage of nearly identical

o.

buildings can vary

prefer to maintain

while others prefe

Studies have

thermostatic set-b

the hours of,10 P.

.1.

by as much as a factor of .2 because some people .

*
room Ap mpe ratures of 75 to 7°F in the Wintertime,

r lower interhol temperatures of 64. to .68°F.
.

, , - .
. >-

shown that utilizing clock thermostats 7or, manual

ack, 041 i,s2 turning:'down" .the' thermostat between
,

M. and 7AA,:will result th
.

energy savings. Each

443
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air should be dew in from ,the outside.: he building e0erior

.
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. . .
. , .. .

degree of thermostatic set-back Will save between 11/21to 2'1 percent in,

energy use for heating. For a, 7-degree thermo§tatic set - back,- from

7,5 to 68°F, or.68 to 61°F during night -time Hour-s, savings of 10 to

17 percent can be achieved.

In order to effect energy savings through lower thermostat '

s.ettings and set-backs; an 4effectiveIducational campaign will have

to be Carried out, to Coiivince the occupant that'-signiffcant. amounts'

of his money 'can 'be "saved. Ti should be po'inted out to home-owners

or occupants of buildings °that, prudent-operating practices are :criti-

cal to .reduce overal energy usage.

, BUILDING MAINTENANCE .- .

The obvious maintenan,ce.item.,concerns 'the heating and cooling

equipment which needs to be kef)t to ,near-peak 'efficiency.,
-.

tion to the heating/cool i-ng equipment maint'enance, the building.
. , .,..

structure should be maintained. For example; througH sdttling,, walls
.. ,

.

may move away from fireplaCes:.resulting, in largv Cnfiltration losses
4

Fireplaces are 'heat wasters, but where they.ar'e desi red; cOmbustiNi:

_ should be painted at regular in'terv4vtomaintl,na, the thermal
. ,

, ,z1 . , . .' .., ,ch8racteristics of ther',. surfacq as we,',11 as:to preserve-the material.
,..:,

't

COST-OtRFORIvJANCE TRAK-OFFS

In the extples considered in -.4his section of the module, the

main thesis of the proOoSed destgn% analysisfOr ho uses is 'that the
. ,

annual heat flow throUgh the exterior surface of the building is

directly proportional to the annlial: number of degree days of heating

Although -the method. is not eXact,,, is, based on acceptable

444
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correlations oyerlong4perios Of operation using typical houses,

'- and it shoud,,be well within reasonable uncertainty limits for the

home designer. Moreover, the method should be applicable to other

buildings which do not have a high annual internal' heat generation

raterelatiVe to the annual heat load:

Consider the Mouse pla'n shown in Figure 9-1. The house isa

simple NO-story huse and is.to be located in a region where the .

. 4
winter, heat load is 6000,degreeqdays. 'In the example, assume that the

ft

house is to be built with no wall insulation and with only R-7 insula-,

I
tion in the ceiling: The question to be addressed'is "should the

ceiling _insulation be increased to R-30?" Is this design change'cost-
.

effective.3

Table 9-6 presents Meat loss sensitivity iTsiilts for the hOuse

considered above. Changes to the basic house are listechas well 'as

the res.glting heat los`. The design Ambient temperature w -10°F

and.the indoor temperature was chosenas 68°F. For the original

design, the calculated heat load is 88,N6 Btu/hr for thedesign

temperature condition, as shown on the first line of Table 9-6.

If, the outdoor temperature remains -10°F,ali day (24 hobrs) the

degree days is 1-

,DD =-; .65°F - (-10°F) = '75 °F days.

!

The heating-road for the building is therefore

.88,846
x.24 =,28,430 BtU/DD

. 75

.

If the outioor to erature varies, from a maximum of 30°F to a mini-

.
UM of -10°F, till, degre' days-,is determined

L.
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FAMILY- ROOM--;

16 X 14

GARAGE
21 X14

\

e0

0)

GARAGE
DOOR

7X

9714

I=C3
I

BREAKFAST KITCHEN

LAUNDF

0>

BATH

DINING ROOM`
13.X1 I

000

LIVING ROOM

20 X 12

30'

t
Areas

Ceiling Area

Wal 1
0

Windows:

Door

Roof

111,

North

West

''' South _

East

vs

am simammimir

w.t
rea= 1

BEDROOM 0
O

DROOM

10 410
In,

BATH

'el

BATH

Sq. Ft.

162.1%0

, 2836,0

- 45.0,

. '50.5 :

k100.0

'D.0

405.5'

98.0,1

1793.0'

Figure 9-4. Example House
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TABLE 9-6 HEAT LOAD SIMULATION RESULTS,

' WALL CEILING . STUN4
INSULATION. INSULATION DOORS WINDOWS' HEAT LOSS

R-0 R-7 .,--- Solidwood Single glass' 88,846
1.5 in. 100% glass

R-0 R-7 Solidwood Ongle glasil 87,234
LS in. - 80% glass

.R-0 R-7 .
. Solidwood Single glass \ 87,07387,073

A 2.0 in. 80, glass s--..._________,_

R-0 . R-7 Storm metal Single glass 86,989
i ' & 1.5 in. 80% glass

Solidwood .,

, :'''

. 1
R-0 R-7 Solidwood Double insulating' 82,077

1.5 in. Double glass 80%
3/16 in, air space

R-6 R-7. Solidwood Double insulating 81,915
2.0 in. , Double glass 80%

3 /16.in. air space
,

R-0

R-0

R-0

R -7 .

R-7

R-7 '7 Storm metal Double glass 80% 81,832
--,

& 1.5 in. . ',Double insulating
Solidwood 3/16.in. _air space

R-7 Sblidwood Triple. insulating - 77,605 ._

1.5 iti. Triple glass 80%
1/2

IP

in. air space.

R -7 Storm metal Triple insulation '77;224
&2.0 in. Triple gla'ss 80% 1
Solidwood 1/2 in. air space

R -7 SolidWood sk Single glav 56,636
1.5 in. 100% glass'

R- - 4 Solidwood Double insul'at'ing 59,867 .

1.5 in. Double glass 80%
_....,,,,,

3/16 in. air space
is

R-7 Storm metal
& 1.5 in.

Solidwood
Triple glass' 80%

1/2,in:-..air space

55,149

R-7 R-11 SolidWood Single glass 62,500 ''.
1.5 in. 80% 'glass

4! 41''e '
' i.

sR-7 %- R-11 Storm metal --Sin'gre:§lass '82-4255.
& 1.5 in. 80% glass'
Solidwood

447..
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WALL
INSULATION

R-7

.

R-11 , R-11
.

R-11 R -11

TABLE 9-6' HEAT LO

9-16
/p,

SIMpLATION RESULTS (continu ed)

CEILING
INSULATION, DOORS .-

R-11

R-11

R-11

R-11

R-11

R-11'

R:11

R-19

R-19

R:19

R-19

R-19

Solidwood
1.5 in.

Storm metal
&.1.5 in,
Solidwood

Storm metal
& 2.0 in.
Solidwood

SoliCiwood,
1.5 in.

Storm Meta)
& 1.5' in.

Solidwdod

Stoym metal-
& 2.0 in.
Solidwood

Storm metal

& 2.0 in;
Solidwood

Solidwood
1.5 in.

Solidwood
1.5 in.'

"1.5 In,

Solidwood
1,5 in.

Storm metal

& 1.5 in.
'.Solidwood

Storm metal
& 2.0 in.
Solidwood

448.
-

(\

BTUH

WINDOWS HEAT LOSS

Double insulation 57,343
Double glass 80%
3/16 in; air space

Douttle insulating . 57,102
Double glass 80%
3/16 in. airspace

Triple insulating 52,496
_Triple glass 80% ,

112 in. air spad-d

Single glass
Double g1asS. 80%
3/16 ire. air space

Double insulating 53,585

Double glass 80%
3/16 in. air Spice

58,987

Double insulating
Single glass 80%
EmisSivity = 0.2
1/2 in. air space

Triple insulating
Trflple gla s $0%

4
1/12 in. airy space,

Single glas
100% glass

Single glasg
80% glass

Double insulating 51,464

Able glass 80%
3/16 in.'air space

Double insula'ting

Single glass.8T4
eirritssiNtty ,\

1/2 in. airspace

Dole insulating 47,88
Sih6le glass 80%
EmisSivity 80%
1/2 in, air space

49,525

48,983

58,233

.1

56,621

47,534

I:1110e insulating
..I Triple glass 80%

3/16 ,in., air space

46,616
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TABLE 9-6 HEAT LOAD SIMULATION RESULTS (continued)

WALL
, CEILING .

,

INSULATION INSULATION DOORS' WINDOWS
.

R-0. .R-11 WOoden Door Single glass
1.5 in. 100% glass

%,R-0 R-19 WpodeWDoor Sigtle-glass
15 in. 100% glass

R -7 ---R=0

3

R,7 R-11

Wooden Door
1.5 in.

Wooden DoOr
1.51 in.

R-Z ' R-19 Wooden Door
1.5 in.

BTUN . 4

HEAT LOSS

86,301

83,915

Single glass 84,698
100% glass

Single glass 64,112
100% glass

Single` glass

100% glass

R-11 R-0 Wooden Door Single glass
1.5 in. 100% glass

R-11 R-7
,

Wooden Door
1.5-in:

R-11 R-11 ,Wooden_Door
4.5 in.

R-19 R-0 Wadden Door"
1.5 in.

R -19 , R-7 Wooden Door
1.5 in. .

R -19 R-11 Wooden Door
. ,

1.5 to

R-19

R-0

R -19

R-19. Wooden Door
1.5 in.

Wooden Door
1.5 in.

Single glass
100% glass

Single glass
100% glass

Single glass
100 ilass

Single glass
100%. glass

Single glass-
100% glass

Single glass
100% glass

Single glass
100% glass

. 6,743

81,165

60;599

77,748

59,720.

57,202

Wood_Storffi-Doors Triple insulating
& 2.0 iri. 1/2 in. air space,
Solidwood Doors & Storm windows

60% glass-wood sash.

Total Window Area =195.42 Sq. Ft.
Total Door Area = 98 Sq. Ft.

45° Pitched Roof
No Basement

,449

54,838

vpie3?

40,079
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TABLE 9-6 HEAT'LOAD SIMULATION RESULTS (continued)-

WALL TYPE ROOF TYPE
+ INSULATION- + INSULATION' DOORS WINDOWS

Frame 45-degree Wooden JIoor Single glass

+R-7 Pitched Roof 1.5 in. 100% glass

1-R-0(

Flat Roqf Wooden Door
Wood Construc- '3.5 in.
tion +R-0

Frame

.+R-7

Frame
+R-7

Frame

+R-0

Frame -
+R-7

'Brick and

Frame Par-
tition +R-0

Bick and
Frame Par-
tition +R-7

Brick + Cinder
and Frdbe
Partition.
+R-0

Flat Roof
Metal Consthc-
tion +R-0

45-degree
Pitched Roof
+R-.7

45-degree
Pitched Roof

+R-7

45-degree
"Pitched Roof

45-degree
Pitched Roof

Wooden Door
1.5 in.

Single glass
100% glass

Single glass
100% 'glass,

Wooden Ddbr. Single glass

1.5 in. 100% glass

WoOden Door Single glaSs
1.5 in. 100% glasi

Wooden'Door
1.5 in.

Wooden Door
1.5 in.

Single glass

)00% glass

Single glass-

-100% glass

45-degree Wooden'Dobr single glass

Pitched Rodf 1.5 in. - 100% glass

7--
Brick + Cinder 45-degree
and Frame Pitched Roof'
Partitipn.

+R-7

r

Wooden Door
15 in.-

Total Window Area = 195.42 Sq. Ft.-
Total Door Area = 98 Sq. Ft!

No Basement

, 450.

Single glass

100% glass

So.

p"

BTUH
HEAT- LOSS

84,698

74,981

73,361

88,846

66,636

97,124

9,4,3214

79,183

76,501

..
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.'DD = 65 - [

30 + (-10)
] or DD = 55°F days-.

The heat load -for the day would then be

28,430 x'55 = 1,564,000 Btu.

,The load for the entire heating seasOn,igiven 6000 DD,is

Btu BtuL = 28,430.ff- x 6000 170',600,000
yeDaD r year

Now, let us consider the cost of energy. Assume,for example,
. .

that the house is to be electrically heated,with electricity cost at

$0.03 per kwh. The cost-of electricity per million Btu is as given

below:

000,000 Btu x $0.03
$8.79 per million Btu.

3413 (Btu)(kwh)-1

efficiency of an electric resistance heater is 1.0,and so- -

- the cost of_heating per delivered, million Btu is $8.79. The load

times the cost per million Btu results in a 'heating co§t,C, of

$1500 per year.

C = $8.79 x'17.0.6 = $1500/year.

' if the building is modified in-design for ceiling insulation of R-19 .

.... .... ,Tather than R-7, everything else remaining the same,"the lOad-is

83';.15 Btu as shown on the third page of Table 9-6. Making similar
, .

"

cal04ions; as the f6rdgOing, the heating cost per year would be-

$i416. This is a net vings of $84 pei.: year:.

;

83,.915.80
75 26,850 Btu /.DD

451
rr.
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-L = 26,850 -1=1 x 6000 yearDD year
161,100,000 Btu/year

C = $8.79/million Btu x 161.1 million
a

-1-3-1
r

$1416/year
*ye

SaAngs = $400 $1416 =$84/year..

The savings factor is xlefihed,as

savings
AF = annual cost of energy

For this'example

SF =
84

0.056150

c.
ti

Is the savings cost worth the increased cost in installing 1219-

insulation over R-7?, To answer this question we must resort to"sOme

edvated4guesses.
.4*

4

Assume that the mortgage lifetime is V years and tRe interest

rate is 9%, and that energy costs over those twenty-five years in-

crease at'the rate of 6% a year. A 61-per-var increase indicates
46,

*-. that the energy cost in the twen.ty-fifth:year will be about 4.3 ,times-

.the presentryalue, or $37.80 ,per trillion Btu. Although this seems

large, current estimates tend to show increases in fuel
,

costs, of abbid

3 to 5 times the current vlie.

Ar

. Figure-9-2,shows curves of maximum first-cost investments that
,

can be made for various fuel cost saiings and energy rate increases .

at different savirlgS.factors and interest rates for a mortgage period

of g5 years., .The curves are based on the equation,

MFC =
a(an-1)

x PEE ,

a-1

.452

(9.:1)

.
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in which a
1+ ERI

1+i

and MFC is maximum first cost,

SF is savings in

'ERI is energy rate ,increase, deciail',

i is'interest rate, decimal,

n it number of years,

P,EE is present energy .ezpense.
-

Froth, Figure 9-2, with the-energy savings of *$84, and, VI. of 9.06,

the maximum that should be- expended is IS1400. In other words, for

this case, if it costs less than $1400 for the materials and the.

'installation, then using R-19 over R=7 insulation is cost beneficial

and should be incorporated. A change in conditions can alter results;

, flir example, a change in 'the ,estimated inflationary 'rate of energy

percent to 2 'percent results in a maximum cost. reductiore from

SyrtIch to $908. ; A 2-percent{inflationary increase over the next twenty-five

years yields a 60- percent increas.e in the cost of energy ove\r:curient.

costs, a number certainly lowei- than most experts have or,ojected.

The 6 %'rate (a four- or fvifold increase in the cost df energy

1 k"

4

- A. ousit--fttie next twenty-five years) seems to be in reasonable agreement
. - , s

,.. . t with 'the. projectigns of many experts. .
t.-:', -.Fur" -, .

(, .. . . .
ee Siniilahy. Wecan analyze.the effectsof rather changes on'c'e we

#.

. i ...1,

I
4 .° :

have the capabi,lity to. calculate heat 'load information. Consider a

.
,.

. 20-percent' reduction- of window area from that "shown in the 'plans. . ^.

.

o' Yrom fable 9-6, he he'at loss rate ts'about.1600 Btu/hr less.
a

.
' ,

,Anbthep change which. could be considered is adding wall. insulation.
. e

io ^i
. . .

The Anclusfon of -R-9:wal 1 ins ;.atton with increased ceil ing irlfula-
;.>"

titn. could be evaluated.- 1 Of .these energy - saving comparisons can. . .
be made by following t procedure*,g;iven in the foregoing example.

455 4
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9L23 r

These calculations are predicated on the ability to [flake heat
4

load calculations follDwing procedures 'as outlined in -Module 5. A

74,
. 'computerized technic*, is 'convenient to determine' sensitivity of,

t"- % "4
t 44

.. the heyt loss to design changes. Once the effect has been assessed., , , , . ,t ,.. .' k ilh,terms of heat losses, it is a relatively simple matter'to make
.. t - Z . 0 r

.cost analyses: -... , ,
. . ,

. . .- %!, is

It is interesting to -note from Table 946 'that with. R-19 'wall. ,
- insulation, R-4.ceiling insUlV.Eidn,',,ftofm doorS., and double glass.

,. , ,
windows with storm wihdow-sijan extremely' well- designed building

,

thernially), the heat load: can 4 reduc ed by' over,50pei:cent. This would

ndicate` tfikt savings.of 55;41,60 ,pprcent,of the ori-giria.1 energy bill : °are
. ..

.

ossible by Oetter*.bii-ilding design's,. Jor ekesignof a solar ''heated
.. . ,

. lb
and-cooled 'building it; is necessary 'to atliieVe re 'best over =all.... ,,, , , .. ,

-.., ' building design consistent with cost to minimize the size Of the '
',

. , . . .4. $ ..,,, ' 6solar system. ,tWcombina.tion of energy-Conserving measures should be.
18 / , .

Considered early. in-the design of a' new buildirig.- "
4

_

- . ..
.t-

4.

I

REFERENCE,
; ,el If

) Energy Conserykti-on Gomputer Software distributed by General Services
v , i _

.

Administration, Washingon, D.C. , . .
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TRAINEE-0 IENTED OBJECTIVE

10 -1

INTRODUCTION ND.

To p Vice thecalculationstJor predicting performance of -a

solar sys

SUB-OBJECT VES

1: `o learn to use 4e f-charts for design purposes.

2. To examine the relationship between economics -and energy-
_

gonservation measures.

PROBLEMS
re"

,

1. Corsi r the same house-that wasused in the preadoUs design

,,. labor" ory. Determine the size-for -a solar system- (liquid

type) to prOVide space heating and service hot water loads. The4 '6

collect r to, used has

N*-

worksheetsU It * pr-Vided in the notes. The collector tilt is .

. ,

to be lajtitude + 15°. Compare the results obtained i n thlis design f,

,.,
the-following-properties:'

F'
R

a .= 0.724

Fl
R
U = 0.947 Btu/Hr-Ft

2
°F

exirci ewith those obtained in the previous design.session. ,

p
i

/-
2. 'Now t.r sp that the heat load of.thehouse is decreased from % .. f %.

.. r -i
17,n0 B u/DD to 16,000 Btu/D0 by adding inseatiorOt-a cost
0

,
.i . -of $30 . Repeat problem 1. '- . ,
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(1) (2 3)

4

4

CLIMATOLOGICAL DATA (DENVER)

5 6 ;(7) __J9) ' 11 _

O

. .

MONTH

Ti

Btu7FT2 -DA'(

.

7;T" IT

°

Btu/-bAS' -. DD:
,

..

TREE, TA

, .

LH.
I,

Btuxl 06

7 Li

./. 4

Btux, 06

_S

Btu/FT2'-Md.

JAN 742 .56
.

1132 28 174 .

FEB 989 .55

1

.

. J

1

938 32 170 ,
-

..
MAR 1480 .62 . 887 36

,

,166
.

.

APRIL 1697 .56

.
1

558 46. 156

MAY 1697 .49 / 288
----- -__

st-
,56 146

JUNE . 1937 I '.53 4
66 63 139

.

,JULY 1919 , 1 .64 6 65 137

AUG .
' 4

1620 I .51 . 9° 65 137

SEPT 1520 4.58 .
_117 61 141 .

OCT -4 1144 58
,

428 51 . 151
_ \ N

NOV:. 819" .57 '819' 38 164

DEC' 672 .56 035 32 . 170
' F3 -1 , 3-12 ii-/No - Ho

T3-2

F3-35 1-TT = HR T4-1 . To = 65-DO
n

202 - (7) LH = ,

Q x (6)
DES (

L =

) --z SHW

(5) x n

e, p number of days In given month

SHW = load (gallons/day) x (8.33 lb/gal) x Btu/lb °F) x (AT °F) x (n days).

4 gd 4-62'
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11-f,

..INTRoDucitpN

TRAINEE-ORIENTED OBJEOTIVE,

.5*

TheObjective in this module is-to describe the elements of

fluid-heating:solar collectors andidentify important parameters which
4

affect' system designs and performance.

a
. SUB - OBJECTIVES ..

I
From this module the trainee should be able to:

1'. Define collectorgefficegy

2. Identify, the parameters which affect collector
-'

efficiency

3. Recognize the advantages and disadvantages of air-heating and

liquid:heatingcollect6Ps

-r

, /

4.. Identifand select the solar collectors best suited to meet

'specific requirements.

TYPES OF COLLECTORS,

Collectors are divided-into two classes, liquid- heating and air-,

*heating solar collectors. _Both types consist of'_an absorber plate with

black surface coating contained in a metal-framq box with one or.more

f

transparent covers above the absorber plate. The covers are transparent

to incoming solar radiation and relatively opaque to outgoing (Tong -wave)
sW

radiatitn,buttheir principal purpose is to reduce heat losses by convection.
.4-41* \

Insulation is used to 'reduce conduction heat losses through the back. of_the

collector,or a vacuum jacket.may be employed to reduce both condattion

and convection heat losses from the absorber su- rfaCe. Although nearly_

478



all' practical systems forsOlar space heating acOlipot water heating

involve the use of flat-plate absorbers, tullular absorbers.inside

evacuated gliss tubes or at,the focus 'of some lige of concentratin g,

,' .

device (lehs or'. mirror) haVe been built and. tested.

Z.

Typical Liquid Collector
1

.

-. ,,, -

..

Figure 11-1 is a' partially sectioned diagram of, a typical flat-plate
. .. e

liquid solar collector. 'The drawing shoWs 4 commercially manuiactred
t

collector comprising a' glass-covered metal ,bob Coptaining. an atisorber late
. .

..

to which.an array of tubes is attached,- beneath which insulation- is'provided:
, . .

A,liquid.is pumped_throUgh the collector tubes and manifolds for heating.

Typical collector dimensions are 6.5 'ft by 3 ft by 6 inches4The space

between- glass cbvers is-about one-half inch and' the inner glass cover is
.

Y
% N. _

,

about one inch above't-he absorber plate. Two '?C) foUr inches of.insulation
,fs

such' as. heat-resistant fibrous glass are .commonly -used below the absorber,
,

.plate. Metal is4irotiably the best Materidl for absorber plates, and

),4

.$

'good thermal contact is required between, th6-abspaer plate and the >
law

. tube through which"the liquid is transported. $ Vopmetric flow rate is *

typically 0.02 gal/min. ft2 of col lectbh surface area...-

4Typical Air Collector .

Figure 11-2 is a diagrammatic sket h -of a typical airrheating solar
s.

collector. The Oncipa1,0ifference. between he-air and liquid types o

collectors is the size and configuratioh ofthe fluid conduits. The

figure shows three wide air passages directly beneath the absorber pl'

.Air, therefore,flow's in contact with nearly the entire absorber surfa e, for

effective heat transfer. :,(111e.design'shown. also has inerndl manifql s foe'

afr distribution to all collector panel* in a close-ffittingi array. Vol uMeti''ic
.,-

).

, . .

.

, %
flow rate' is typically 2cfm/ft2 of .qollector surface area.

..,..
1.

-479.
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.11-4

4,

GENERAL PRINCIPLES

4

A solar coly recto,is a device for converting the energy in solar

radiation to heat in a fluid. This c*version is accomplished by absorbing

the solar radiation on a broad, thin metal surface which is in contact with
.

a stream of liquid or gas.. Absorption of solar energy causes the temperature-

of the metal surface'to rise so tMkt thetemperature'pf the fluid-increas'es

as it moves past the surface.

Under steady conditions, the useful heat delivered by thesolar'pllector

is equal to the energy absorbed in the metal surface minus the heat:losses

from that surfiwe directly and indirectly to the surroundings. . This'
e

principle can be stated in the relationship:

Qu is useful energy delivered by collector: BtU/hour

A is total collector area, ft
2

,

HT is the solar energy received on the upper surface of the

4 ) sloping collector structure,'Btu/hrft2 of tilted surface,

is fraction of the incoming solar radiation which reaches the

absorbing surface,,no dimensions
.

to fraction of the solar energy reaching the surfdte which is
;

absorbed, abSOrptivity, no dimensions

U
L

is the overall heat loss,coefficient, Btu, transferred to the

2 '

surroundings per hour/ft of exposed collector surface per degee

diffepence-between averagecollector surface temperature and

the,surrounding air temperature
s

481
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11-5

is average temperature of th upper surface of the absOeber'

plate:"°F

T is atmospheric temperatur/ F.

A'dla,grammatAc repreSentdon of t

in Figure 11-3.

HEAT LOSSES FROM COLLECTOR

I

/

terms in this r lationship is shown

1
.

In order that the performance of the collector canebe as. high as
,

,

,,,
,..

.economicallly Oractical, the design and operating factors which can maximize
1 A ft\

I

the value of the first term on the right hand side of Equation (11-1)

>

r

;).

andcan minimize the value of the second term are.selected. In other words,

greater thesenergy absorption in the_ metal surface and the lower the heat

'.1oia..jrom that surfke,the higher will be the useful recovery.. If a bare
, -'

=ame4a-1-0-ateserves ds the cOlAectbrnd'Wrtb Iyolcal values of 2 to
,,,

.

!---
10.8t0hr.ft2.°F for the coefficient of heat transfer to the atmotpliere

(U
L
),'-the rates of,heat loss will be large,So thit an absorber plate

1.
.

temperature of 25 to 50 degrees above aatmospheriC temperature would be

pe:maxiMuM achievable under typical full sola'r radiation of 300 Btu/hrfi2.
.

Under thesg Conditions no useful 'heat would be delivered from the collector
. e

because the h'eaf_loss would be equal,to the solar heat absorbed, leaving

nothing for lisefUl delivery,

To reduce the rate of heat loss occurring by radiation end convection,'

one or more.transparent surfaces, such as glass, can be pladed above the metal

surface. The gfass-wIll transmit as much as 90 percent of the solar

radiation striking. it, and'itcWill greatly reduce the heat loss .coefficiet,
. ,

. . ..
.

U
1...

This reduction is due tO. the suppressiOn of conCiection bitses*by the

2. Ai-, , 4

relatively StagnShyair layer,between the absorber plate and the glass, and
, .k.'

by intercepting 'the-long-wave, itherpal'radiation emitted by the hot metal
. 44 . .,.

',
,

1, .

,
. .

,
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Figure 11-3. Definition Sketch for EquatiOn (11-1).

483

sr



11-7/,

surface because glass is opaque to the long wave radiation. The heat

loss coefficient.can be,red-uced to 1 to 2 btu/ hr t
2
-oF by the use

of one glass cover. Similar benefits can be realized by use of certain'

4

, >.

transparent plastic materials"

Further reduction in the heat -loss coefficient can be realized by
,

using a second transpatent/surface with an air space between the two

surfaces. Two relatively
r
stagnant air barrier's to convection loss are

,

then present, as well as two surfaces impeding radiation 1 gss . Coefficients

in the range of 0.7.i3tu/hr-ft2°F are typically then obtained.

Radiation losses can be reduced by other techniques; such as/by

,

reducing the radiation-emitting characteristics af 'the heat-absorbing

surface. This Ieasure is discussed. in the section pertiining to the

solar" radiatin absorbing -characteristics of the surrrce. Thermal

radiation_ emitted by the absorber plate may also be retlueed by reflecting
. .

it downwa /dfrorm l the lovier glass-cover by emorlaying an infeared-refleUing

coating on the glass. An optically transparent, very thin layer of tin
^

axide or indium oxide deposited'on the glass will reduce radiation loss

" by r/flecting it,back to the absorber plate. This coating absorbs -a

small fraction of the, solar radiation, however, so the reduced' thermal

SS is largely offset by redUced solar energy input.to the abSorber
A

plate.-

SignifTcant lOsses can occur from the side and back of the collector
:

unless insulation' is "used. It it advisable to-use a high-teMperature

insdlation, adjacent to the back side of the absorber plate layered with a

lower', temperature insulation to provide the required resistance to heat

fl,ow. he total' R value of the insulption should be at least 10 f o'r medlum-
.

temper tune flat-pl'ate cd:IlectOrs,.

4 ,t.



transparent honeycomb of thin plastic film can also suppress

radiation loss if interposed between the absorber ,plate and the loWer

c

glass-cover''. ConvectiOn loss sdppressiOn also'can be achieved,.leading

to improvement of overall efficiency. jlow-.to moderate-priced plastic

fil.m does not appear to have sufficient resistance to damage by high'

.

coll4ctor plate temperatures, however, so this technique has not been

commercially utilized.

The foregoing discu 'ssion has been,cbncerned with methods for

reduci2g UL, the heat loss coefficient, to the lowest.practi41 level.

By so doing; the total heat loss is.minimized,and collector efficiency is

increased. It is'evident from Equation (11-1) that losses also decrease

.....

as the difference between plate tewperature and air temperature decreases:.

The ambient (outside) air temperature is*an uncontrollable factor, of course,

but the fact .that it varies with time and with geographic location means

that collector efficiency will also be dependent upon theSe factors'. It

is clear, also, that a collector will be"mo're efficient at lower-plate

temperatures than at high temperatures. But plate temperature'is dependent

largely on the way the collector is °grated, that is, by the temperature

.
of the fluid being circulated in contact with the plate, the rate-of fluid

circulation, and the type offluid, Fluid temperature depends on Conditions

elsewhere in the, system, whfreas the other factors depend on the collector.

design and the operating conditions.

,

SOLAR ENERGY ABSORPTION

In Equation-(11=1), the first term is the solar energy absorbed in

the absorbing surface,/which depends upon the solar energy incident on the

tilted surface of the collector and Is affected by collector orientation,
.
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as outlined in Module 4. This climatic variable can be measured or.

derived_from tables of averages, and if not already converted, can ge

calculated for the proper collector position.

The transmissivity of the glass,'T, is a-function of the quality of
. .

the glass and the angle at which the 'solar radiation reaches the.glass.

At normal incidence (solalSbeam perpendicular to the-glass.surface),,

'One sheet of ordinary window-glass reflects about 8 percent of the solar.

radiation... Two sheets of glas's with air space between reflectabout 15

percent. Impurities in the glass, principally Iron, result in some radiation

absorption; typical glasses 1/8 inch .in thickness absorbone to five percent

per sheet. Cass with reasonably low iron content may absorb about

2 percent per sheet, so at normal incidence, the total transmission of

2 sheets of glass can tae approximately 80 pe-cent. The value of T is,

.mft.-^therefore, 0.8.
.

Because the beam radiation from the sun strikes the collector at an L,

angle which varies throughout the day, as wel.as seasonally, a weighted

mean transmissivity-is someWhat.lower then this normal-incidence 'value.

Precise calculations can be made, but-a satisfactory approximationfoi- a

single-glazed collector can 4e--based on' a 10-percent avera eflection

lossanda Suitable absorption'lOss dependent on, glass qUelity.. Assuming
.

a-percent absorption; in average transmissivi,ty, T, could' be about. 0.88.

In a dpuble - glazed collector, an effective translmission coefficient of

0.78 could be used-with good quality glass.

If plattics areused for the transparent surfaces, transmisson

couldcoefficients, could be appreciably different, depending upon the character-
. .. . 7 . o.

istics of the pla.stiCs. Some have trPnsmissivi,tiis moderately higher than

.glass, Whereas other show lower values.

_
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.1

Methods for reducing ttje reflecti.iity;of glass surfaces ave been

deVeloped., Metallic films formed by vapor deposition are common used:

.

as lens coatings in photographic equipment. These interference.jaye
,

are too costly for use in solar c011ectOrs. Another process involves

delitate etching of the Blass' rfaceby acid treatment, producing essen-.

tially a slightly porous silicasurface. SOlar reflectivities 'al'Uow as

1to 2 percent GAn be obtained under carefully controlled conditions.

-
Total transvissivity of a double-glazed collector can thereby be. increased

to values above 90 pIrcent.' TI1e cost-effectiveness of this substantial

improvement in performance has yet to be established.

16 solar absorptivity of the radiStion-receiying.surface, a, is

06pendent on the. optical property of the materials exposed'to solar

radiation. Surfaces which appear black to the eye have high absorptivity

for the visible portion of the solar spectrum, and usually also are good

absorbers for the infrared portion of the solar4ridiation. Carbon black,

numerous metal oxides, and most black paints have absorptivities above.

0.95, that they absorb 95 percent of the .solar radiation reaching the

surfaCe. The remainder of the solar radiation i5 reflected upwards through
.4 o

the glazing. The overall efficiency of the collector is strongly dependent

on the absorptivity of this surface.

The most common types of:absorber surfaces'are heat-resiStant

. .

black paints, usually applied by spraying, followed by curing with
1

.;

heat to eliminate solvents and to secure permanence. Thesd surfaces must
. .

be capable of prolonged exposure to temperatures of 300 to 400 °F in

double-glazed collectors, without appreciable deterioration or outgassing.

.
%

In a recently developed solar air collector, sheet steel coated with black

porcelain enamel (applied to the steel as a sprayed-on,frit and fiAed

0 the surface in a furnace) is achieving,successful application.

e.

4



SEL CTINE' URFACES''

Most surfa e that arfgood absorbers for solar"radiatfon are also P
A , -

. 4)

ggod radiators 'o :heat: Ifi, forte-kaMple, a surface hasan absorptivity-
! 4 * '

1 _ , -

of 0.95 for solar radiation% it will normally radiate heat at a rate
i

'
about 95 percent of that of a "perfect" radiator. Certain combinations of

....., ,

surfaces, however, are capable of absorbing,solar radiation'effectively,

while at the same time radiating heat at/a low rate. The combinations

are krioWn as selective surfaces. Most'selective surfaces are composed

of a vef-y thin black metallic oxid on a bright metal base. The black--.

oxide coating. is thick enough.tO act as a good solar absorber, with an
7-

absorptivity as high as 0.95; but it is essentially transparent to'iong-

,

wave thermal radiation emitted by an object at a temperature of several

hundred degrees F.I Since br ight metals. have low emissivity for thermal

radiation, that is, are poor heat radiators, and since the thin oxide

coating is transparent to such radiation, the combinatiori is a 'poor

heat radiator. As a result, the radiation Joss from this type of surface

is considerably lower than-from aconventilonal, non-:selective surface.
.

.

..... -

Thus,,the overall heat loss coefficient, UL, has a lower value when this

4
type surface is used,.

The most successful and stable selective surface developed to data

ffia'deby-'electroplatingalayerofnickel,ori the .absorber plate,-then

trodepositing an extremely thin layer of chromium oide on the nickel

su , Nickel Oxide'cOatings have also been used, but they are less

d0age from moisture. 'Coatings of copper oxide on bright .

copper a d.ni cke ave-similar,properties, but temperature stability is

}invited. The most effe .ive selective surfaces have sol'ar absorptiAties

near 0.96 and thermal emissive es near 0.1.

.
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COLLECTOR 'PERFORMANCE

CONVENIENT PERFORMANCE 'EQUATION
't

.

Having now recognized the_principai.desivi!factors affectiu collector

,

if ' ../ .
. /.

Oerformance, specifically those related to heat loss control. and thos.e
IMIli: ,

involving thefabsorption of solar radiation, We nowcan.seeOgi.Equation
.

. . i.

(11-1)that if the numerical values-of all the-terms are known, the rate of 1

.. ..

useft0 heat recovery; 0u, can be.calculate6 In addition to the deAgn
.

characteristics Of the Collectdr.discused above,-the threeoperation condi-
,'

dons, solar radiation, average absorber-plate temperature, and ambient

temperature,must be known.' With the exception of plate temperature, these
r e

.
terms cp readily be measured'or

.
obtained from tables or charts. Absorber-

,
.

__, .
.

plate tempdrature; however, is,selddm known; nor can it be eiilly.deter-

_._ .. ---e ..-------
*.,..,..) .

.
'

.... mined. It is affected by the-ether sollector operating conditions and,
r .

,,,t,)

, most critically, by the temperature of the fluid being supplied to the
<

collector to be heated.

``

In an,operating,sYstem comprisectof, collector, storage, and space being

heated, the temperature of the fluid in storage can be measured. When a

system is being designed for a-building, storage temperature can be
----

calculated. Or assumed until confir:med. .This fluid is supplied to the collector

and strongly controisthe absorber-plate temperatUre in Equation (11-1). In"

a typical liquid col/lector, average plate temperatures usually are 10 to

20 degrees above inlet:liquid temperature, and in air collectors, the

,temperature difference is 30 to 50 degrees. As a convenience, therefcire,

Equation (11-1) can .be modified by substituting inlet fluid temperature for the ,

I
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v..- . 11-13
r .

k -
%k .

, f
average 'plate temperature, it a covection fictor is applied to the

resulting 'useful heat determination. The resulting equation is , i. .

.

,
Q

u
= R AC [H

T
Ta - U

,

where

s"the temperature of the fluid' entering 4e col lector

FR it. a correction factor or "heat recover!, factor", having a

value between 0 and 1 .b, such that the useful heat recovery,

calculated by Equation (117.2 is equal to ttiat calculated by
4--Equation (11-1)

,
k -. HEAT RECOVERY FACTOR

. . ,
...)The ,he,,t recovery factor, FA,. can bt interpreted as the ratio" of the

. I

,,.
can

heat actually recovered to that which would be recovered if the col lector, -

1 4 .
plate were oper_atini at a temperature equal to thit of the enteri g fluid.

t ,
.

This temperature equal ity, would, theoreticasily be possible if:the fl id. ,

were circulated at such,..a. high rate 'through the collector that there' oul d
i . ..be a negligible rise in the temperature of the fluid passing through-

. ..
, .-

the collector, and.the heat transfer coefficient were so high that. -the -

temperature differeirrelbaween tile absorber surface andithe fluid would b .

negligible.

_In Equation (11-2), the temperature of the inlet fluid is dependent-,
!a.

on the characteri sacs of the complete solar heating system rtd the heat

demand of the building. FR, however': is :affected only by the 'cc/ilea:5r

characteristics and the fluid flow rate through the collector. As indicate

above, the numerical valUe of 'F
R

would be Lb if the entening'fluid-tetpera

ture, and the average plate temperature were the sant.

.
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COLIrECTOR- TEMPERATURE. PATTERNS
,...

i#

The better the heat transfer cbeffic t betWeen the metal plate and '
. , -, . -,

1 the' fluid, the mire nearlyithe fluid terntierature.:will appr4ch the plate ''
...4. ' , f f' e .. , 1teMperature at any one position in te collector, hence the higher will be

-
the value of FR.. Similarly, the greater the fluid, circulation rate, the,

. 7./smaller will be the temperature change from inlet to outlet and the

.closer will be theinlet 'fluid' temperature to the average plate

tenipef-ature., Figure 11-4 shows a typical temperature pater in a 'solar

heater bei5g supplied with liquid j, 130 degrees eaieS the
..

collector at about 150 degrees, the collector-plate temperature is about

A

,...
10 degrees above the liquid, temperature throughout the collector, and

the average plate temperature is about .150 degrees. If typical values
. t .

of the scollector-;parameters *are Substituted in Equations (11-1),: and (11-2),.

it will be*.found thaI using 130 °F as inlet fluid,Atemperature in Equation ell-2),
4 instead of 150 °F as the average plate temperatuneiin' Equation -(11-1) would ),

- , A --r. .# .
necessitate.use of a heat recovery factor, FR,, of about 0:9 to obtain the,

:. .
.-correct val ue of Qu. If the.coefffcient of heat transfer between the

.4, 1

collector plate and the liquid is lower, or, if a lower fluid circulation
.-

rate is used, the 'value of FR would be slightly less..
.. v.--

-A temperature pattern in a typical air-heatring collector operating
. . ,

,

. with an .air supplr from the, space ioai.ng .heated or from the cold end, of a,
.,, , ,

pebble-bed storage ulfit at 70 °F Is also shown in Figure 11-4. Full sun
. . , -,.w .

, .

1 4 *
. anc a practical, air circulation rate ofligibout 2 cfm per,square foot of collector

r

, .
,..

rise dare assulped in the example. An air temperature rise of-about 60 to 80... . .i
degreeswould occur uhdet these Conditions, which is much higher than in the. \
liquil case because of the lower specific heat for atr. Pip mass flow rate, .

is about the same as that 'of 'the liquid (meas'gred as pounds per hour; for
.- : 1#example) for suitable pressure loAs condtions. Rather than moderate

/

, . ,
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Figure 11-. 'Comparison of Typica-lrOmperalures'in'Liguid and Air Heating Solar Collectors.
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10-degree difference betweenplate and fluid temperatures, as in the liquid

case, the air collectar is characterized by a 30-to-50-
o
F temperature driving

'force. The much lower heat transfef'.:- coefficient from the plate to the air

is responsible for this difference. Under the conditions chosen, fhe,average

. plate temperature would be about 150 degrees, approximately the same as that

estimated for the liquid system. Use of Equation (11.-2) with. an inlet

temperature of 70 degrees results in a heat recover;)f;ctor, FR, fypically

.

._

l/. .

.

about 0.7 for the air collector. Characteristical111, solar air heaters
.

° e N 1

hav,ing heat transfer surfaces approximately' equal, to the solar absorbing

area show heft recovery factors substantially below those achi6ed in liquid

. collectors. However,as shown below, this difference must not be interpreted

as superiority of one over the other when used in suitably designed systems.

.COLLECTOR EFFICIENCY

Equation (11-2) may be rewritten at ah.efficiency of solar colleCtion,

that,is, the.-ratio of Osefulheat delivery divided by the total solar

radiation, b' dividing both sides of the equation by HT and by Ac. Equation

(11-3) is the result.

Q
u =

'r r u
(Ti

-
a

T,) collector
ter - r ui = efficiency (11-3).

HTAc
T

For a given collector operating at a constant fluid4circulation rate, Ac,.

,,FR, T, a, and UL are. nearly constant regardless of solar and temperature
1

conditions. Assuming that they are constant, Equation (11,3) represents .a

.

.

z.....Vstraight line on a graph of efficiency
T1

versus a . The characteristics
HT'

e



of, tine av an intercer4 (the, intersection- of the line with the
k,

vertioattificiency axis) equa to the 'numerical value of FR Ta and
, .

.

-
al .fl'sloh" Of the line, that is, th.e vertical scale change d'vided by the. - 't.... ,
horizontal scale change,'..equal to '(-FRUL): So if experimental data on

.C° \ t.'torheatdelivery,at 'variop temperatures and solar conditions are
. T.- T

PlOtted on raph,With efficient,y.as fhe V'e'rtical axis and lti a

HT
as the hori,,zont41 axis,' the bestaig inetthrough the data points

. ,

49., ,
isa.a comfri-ete repres ;ntation of he co.. ,ctor performance over its

entire Oerating -range. Where the:lirie intersects the vertical axis
.. ... , .7;. / s

. A

corresponds to the fluid inlet temperature. being the same as the ambient

temperature, and collector efficiency is at .i ts .MaXimum. Where the

line intersects the horizontal -axis, collec,tion efficiency is zero. This

-sit ation ccerresponds to such a low radiWon level Of' such a high tempdra-
.

ture,fif the fluid supply to the collector that heaf losses are equal to
, ,

solar absorption and no useful heat, is delivered from the collector.

,t,'"

1pical Collector.CharactOristiCs

Figur\e,11-5 shows eff;istencies of several types of_collectors

iicorrelated in this way. These lipes are- the resulty6f,,,actual measurements.,
Collectors . , , .

. Co,liectors 4 and 7 are seen to have the highest' effiLiencies but firral,
.1 ' ' 1 1e -.'

f
.

selection also depends,,,on costs, durability, appearance,. and so on.

Co elector 4 appears .to have the best performance of ill, those compared in'
, . . . .... .

.0, Figdre
.
'11cf.5, if normally'ojierated at COnckitibns rep s iited byte left-

1..
... , - .

hand side of the graph'. Such conditions are loW operating temp ratures
..7iti c. # -.

or hi4' sO:lar radiWon.. Near the ?fight -'hand side of the gra , however,
' 4v ,. ...

collector 71s more 6M-dent than collector 4, where high 'inlet

collector teropVa-tures or low solar radiation prev4i T. It is evident that:.

some collectors 'eke betpr than other's some temperature ana,radiation

ranges? witgreas a Nversal can occur at dIfferent conditions
.
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A graph such as that in Figure 11-5.for a particular,collector; when

compared with others of similar type,can be used for selecting suitable

equipment. Collector manufacturers usually provide such data. 7.',

Of equal value are dependable data 'on the quantities FRTa and F/6',.

/ . .

Know,ledge of those two factors is equivalent to having the graphical

relationship. Table 11-1 contains'this information for the same

Collectors shown in Figure 11-5.'
"

Comparison ,f Liquid and Air Collector Performance

Figure 1-6 shows efficiency relationships for a widely used air
.

collector,operating at two different air circulation rates, and a

liquid collector (Collettor 5 from figure 11-5). Whereas flow rate

does not significantly affect the efficiency of a liquid collector,
co

it is evident that air flow rate has a sigiificant influence on air collector

'performance.. Although even greater efficiencies can be achieved with

-higher airJlow rates, the larger pressure drop and power requirements

to circulate airetrates above 2 cfm/ft
2
force a compromise between

.

collector efficiency and power, consumption. Figure 11-6 also shows
. 4 .

,

that at the same, inlet temperature, ambient temperature, and solar

radiation level, the liquid collectoP is more 'efficient. It is important

a

to recognize, however, that liquid and air 'collectors ,normally operate/at
.

,

very different inlet temperatures, so that air collectors usuall operate
(

.. ... J'

at conditions substantially nearer the left side of'1the graph than do
...

go

the liquid 'type. The net resultyis, comparable .operating efficiency with tfie

two typeis

t
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Table 11-1. Solar Col 1 ector, Performance Paraoeter's

.

Col lector
Number

-
.

Manufacturer and Remarks ;"

'
Absorber
kterial

'

Absorber
Surface I
Coating I

-., .

Transparent
Covers.

. .

c.,

FR

L' .

Btu

a

Ta a . C

.,
cT(hr)(ft27(°F)

/:
L

\3

4 ..
't,

5

r6° a

.7

8 't

S.

\
\

.

' 0

qASA/FlOneywell

tl_SFC

, ., -. .

NASA/Honeriel 1, .-

.... -r,'

AASA/Honeywel 1 -(mylar .

PoneycOml?) ., ... , ..

NAEA lioneyt 1-1 - .
.. ,

PPG. . . Ay1/2 t .

....... ,
0'1,4ens (evatuat0d, tube) ,t

-. . ?4;,, '

SOlaron (data.. fiti-n.i'sh,edy
manufacturer).. Heat ...-'-k,
transfer fluid.is a'ir'.

' z . i

-

'

, 1.

Aluminum

AluminumBlack
"

Aluminum

, ,

Aluminum
t

Aluminum

Aluminum

Glass '.,

. ,
Steef',

.

-. ,.

13,1ack Nickel

Nickel
/

Black Paint
-

Blatt( Paiiit
., .

Black Paint

Black Paint

,541e'ctive
Surface

-

'Black Pdint

,

.2 4a§s
a

2 Tedlar

1 GIass
.. .

2, Gla'ss

2 Gass

[2 Glass ,

1.Giks,s
\

2 Glass

0.94

0.95

0.90

0:96

0.93

0..85

-0.75

.

0.67

,

I

0.56

0.69

1.3

A
0,57'

t '0.80

'1.1.

0,20

'0.77
.

fr

'

10.77

0.76

,

0.74

0.56

0.89

0.73

D.72

0.73

0.95

0.73
,
0.97

0.97

0.97

0:95

0.8.,/
--

.

,

0.07

0.1

0.97

'

0.97

'0.95

0.61-0.9,
-

-7-

.

0.78

0.77

0.92

0.79

0:78

0.77

- --

,f 6

.

e

.I.

L
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Figure 11-6. Comparison of Liquihd and Air
Collectors Based on Meas.ured
Performance (points shown are
for air collector operating at
2 cfm/ft2).
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Th

similar

foregoing

types of

by me

mparison leads to the conclusion that whereas

ollectorssuChas flat-plate liquid heaters can be

, compared s of-a graph such as Figure 11-5, comparisons cannot be
.

,,,

drawn in Way between different types. A second '6,onc sion is that

. .

since, the conditigns under which the collector-must op4r to depend on'system

ti

conditions, particularly storage temperature, comparatl:q evaluation
:4

requires attention to the other components in the syltem their

:effect on collector performance.

Table 11-2 contains a step'-by-step summary, comparison of air and

liquid.types of collectors'. Typical air and water heaters are compared

at,a high solar radiation le'vel at a fairly low solar' intensity.

Characteristic designs and operating conditions have been assumed.

Figure 11-7 shows the results of the two calcUlations in graphical

form. It may be noted that at the high solar radiation level, 300 Btu/hrft2,

the two collectors have identical (50%) efficiency, and at the lower

sear level, 150 Btu/hrft
2

, the air-collector (operating at the qharacterisr

tically low return air temperature) has an efficiency substantially greater

than the liquid collector.:

In another section of this manual, methods for appraising the

performance if complete systems under varying atmospherjc and .solar

conditions are presented.

\

COMPARIS V OF LFOUID AND AIR HEATING SOLI Rte_

Solar air collect° S have of achieved the degree of use which liquiti

collectors have, perhdps ecaus of the prior art in solar water heating

in warm climates. Evacuate glss tubd'§olar WI-lectors, because of their

4.
high efficiency and reltivel 'low material voosts, offer the possibility

Fr
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Table 11-2. Comparison of Typical Solar Heating Systems
Employing Liquid and Air Collectors

/

Performance Relationship:.

Qu
Collection Efficiency: = FR Ta FRUL

Ac HT

T. T
a)

HT

Design Characteristics: 1
. it

Liquid Air
.*

. Heat Recovery Factor FR 0.9 0.7

UL 0.75 0:'75

Cover Transmission T 0.85 0.85
Heat Loss Coefficient- U .

Plate Absorptivity a 0.95 6.95
FR Ta

,

, 0.73 0.57
Y' ' F' U

L
/ 0.68 0.53

st

Operating Conditions:

30

130

300
0.02'

0.333

0.23

0'.50

50

145

30

130

150

0.02
0.666

0.46

0.27

27

138

4

30

70
300

2.0

0.133

OA/

0.50

50

134

30-

70

150

2.0

Q.266

0.14

0.43

43
,.'125

'.,

Atmospheric Temperature T
'

'F

Fluid Inlet Temperlture TA
o

, _

Solar Radiation H , BtuXht.ft`._-

Fluid Flow Rate, §pirifftL, cfth /ft2

(T1- Ta)/Hf7

Calculated Performance:
t

FRUL (Ti Ta)/HT

FRTa - FRUL(Ti - Ta)/HT

Collection Efficiency, %
Computed Outlet Temperature, of

0 0.2 0.4 0.6 0.8 1.0

Tin Totm

Figure 11-7. Results of Per
Calculations'.
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of substantially improving the overall performance of liquid systems.

A double glass wall tube with the annular space between the two concen-

tric glass tubes evacuated offers the possibility, of somimprovement,
,-

even for solar air,heating collectors,if they can be,, produced and sold.

at competitive4/rICes.

As to solar collector failure, the rate is much greater for .

systems used for heating buildings. On the other hand, at least one.
,

manufacturer of air-heating solar colJectors guarantees its product for.

-10 yeas .

4

Concentrating solar collectors for the heating of'buildings,do not

appear to be pridtical in areas of the world where a large fraction of the

total solar energy received is in the form ofdiffuse solar radiation.

While flat-plate solar collectors collect diffuse solar radiation

along with direct -beam solar radiation, concentrating solar colreetors

collect direct-beam solar radiation only.

In air systems, the problems of designing for salar collectorover-

heating during periods of no energy removal are minimized. Warm-air

heating systems are already in common use. Conventional control equipment .

is readily available for application to air systems.

Disadvantages of air systems ipclude'relatively high fluid circulation

costs (es.pecially if the rock heat-storage unit is not car fully degrro-d),

relatively large.volumes of storage (roughly three times as much volumne

a's for'water heat storage), a higher noise level, the difficulty
. ,

adding conventional absorption air conditioners, to air systems, and the

space required for ducting.:

- Advantages- of air systems, include no corrosion problems, no boiling

problems, less concern for leakage, no freezing worries, and possibly

lower maintenance costs than for.liquid systems.

503
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ay

Advantages of water-heating_Alar systems 5nclUde use of a common

dr -

,

heat transfer and storage medium in areas of the world where freezing tempera-
, .

tures are not encountered. The Water storage volume"is aboUt one-third of

the volume of rocks for air systems to store eqtlal quant+ties of heat.,

Liquid systems are rather easily adapted to supply energy to ,absorption air

conditioners. They are also less noisy than air systems and are more read'ily

adaptable to various architec041 arrangements. The energy requirements

for pumping. the heat-transfer fluid range from-6 to 8.percent of the useful

solar energy delivered.

In those areas of. the world where freezing temperatures are encountered,

the liquid usedin the collector isseparated.from the_water in the storage

:tank by means of a heat exchanotr. This results in a temperature difference

between the collector inlet temperature and the storage water temperature,

hence in a higher absorber-plate temperature. An additional water purpp

is required wheri)a heat exchanger
%

is used. Solar water-heating systems

usually operate at lower temperatures than'conventional hot water systems

and therefore require,addittonal heat transfer surface area or fan-coil

units to transfer heat into the building. Liquid-heatirig collectors may

alSo operatelat excessivelyhigh temperatures (especiallyHn the spring
..

and fall when both heating and cooling loads are least) and-means must be

provided to avoid boiling -in the collector and rupturing the tubes in the

collector because of increased pressures. When aqueous, solutions are used

as the liquid, care must be exercised to minimize corrosion problems,

especially in the collector.
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OL ARRAYS

When arranging indfviduallirector_units into arrays, it iS

important to achieve equal flows through each collector. 'An array,of.
N

4

liquid-heating solar, collectors could be arranged as shown in Figure 11 -8,.
. ..

.

with headers atthe,top and bottom of the array., Satisfactory fl distri- .

. ,
- .

, -. , . . ...
,

bution'is realized if the headers aresized so that the head lo$s, pressure

dropY fizolm the bottom to top of each collector (column) is about 96 percent

of the total head loss from A to B. Y

'
1 "

0
An 7rangement for an array, of air-hating colectors is shown in Figure

11-9. The main manifold ducts are sized in accordance with the volumetric,

air flow rates, and in the scheme shown, the manifolds within the collector

are used as. "header". The specific arrangement will,of course,depend upoki

the design of the collector.

1
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INTRODUCTION

z

TRAINEE-ORIENTED OBJECTIVE
. ,

The objective bf this module is to. distinguish and describe the

4:

design requfrements for different types of.heat storage foro-ir-heating

and liquid-heating solar systems.

SUB-OBJECTIVES

With the material in this petule the trainee should be able to:

1. Identify the two principal types of heat storage used with

solar systems

"
2. Describe the,var4 ious aspects in the design and function of

water storage, rock bed storage, -and eutectic salt storage.

The purpose of thermal (or heat) storage in a solar heating ancr'/Th

codling system is to provide heat overnight and overintermittently cloudy
.

periods during theday. The heat must be easily stored from the collec-

tors, readily supplied to the heating and cooling system, have few internal

losses or losses to fhe environment, be inexpensive and riot take. up an

exce5s4'e'amount of floor space. There are limitations to storage size

for a given collector area. Several factors,the most important of which

4- is"cdst, dictate that storage should be. designed to serve an18-to-30-hour

time period.'

(7

TYPES OF STO GE

The two principal types'of storage, water storage and rock bed

4.

0 strrage,
%
are associated with a specific type of.ollectior system.,,

. .

'
512.
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.

Both types are based on sensible heat hora e, which the quantity of

heat stored is directly proportional to the t mperatdre rise in the storage

medium. Storage of heat in wateK'is generally used with a *Ironic system

,

and storage in a rock bedis generally used with a hot air. systeth. Water

has a high capacity for heat, storage and, although rocks have one-fifth

s much as water, both rocks and water are inexpensive. .4

Other types of heat storage material include metals. Iron,. which is

among he cheapest, is a material which has a high heat- storage capacity

per unit volume. However, this material is abut twenty times more

expensive 'an rock for an equiplent heat storage capacity,

Another at storage possibility is the use of phase chtnge materials

like eutectic sa t (salt hydrates).,,These materials store latent'as well

as sensible heat.. ThatA they utilize the heat of liquefaction:as the

primary means of s o ing heit. /Large amoUnts of heat can be stored.aed
4

;released by the proces of melting and solidify without change in

temperature. 'The princ pal advantage in the use of these materials is;

that smaller storagesil is needed as compared with a-water tank or \a rock

bed. However', there are number of problems that are associated with

these materials that have been examined by researchers for Years and have

not as yet been resolved.

STORAGE CHARACTERISTICS

WATER ST 'RAGE

,He can be stored in a tank of water by circulating water &OM the e

tank't rough the collector loop and back to the tank either directly or

by interfacing the tank and collector loop with a heat exchanger. Thus, the

5' :1
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temperature of the. entire tank is gradually increased. For non=pressurised

tanks, the temperature will be limited to slightly below the boiling point

of water'. A non-pressurized tank should be vented, but the system Size

should be designed to prevent boiling. There is loss of energy associated

with boiling. A pressurized tank'is expensive and should not be considered

fdr a normal residential heating and cooling system. Although there Is a

'large amount of heat that can be stored as latent heat of vaporization,

the hic temperature'at which this takes place is-not needed in a solar

heating_and cooling 'system.

Water,fias a specific heit.of onelitu per pound per degree Fahrenheit.

On a volume basis;water can store orkBtu/lb°F x 62.4 lb/ft3 or 62.4 Btu

per cubic foot degree Fahrenheit. The-.4100-gallon or 147 -cubic-foot water

storage tank in CSU Solar House I can store about 9170 Btu per °F

(147 ft3xBtu/ft2°F) of heat. Thus, if the tank is at 194°F and the tank

is drawn down to 95°,F (194 °F - 95 °F) (9170- Btu/°9., 908,000 Btu of energy

would be provided. Solar HousetI has a heating load requirement of

17,600 Btu perdegree Fihrenheit dgy. If the outside average temperature.-

for one day is 14°F and the desired inside temperature is 68°F, then the

load for a day would be 950,000 Btu (17,J600 Btu/°Fdayx (68°F- 14',F) x 1 daY).

Thus,if there is no loss of heat, the storage tank would have sufficient

capacity to carry the ,bUilding load for about 23 hours.

Water storage tanks shourld be insulated to prevgnt excessive heat

losses. If the tank is located inside the building enclosure, the heat

is not lost, but there is uncontrolled heat delivery to a localized regiqn:.

In summer, the heat from the tank would add to the cooling load. If the t-

tank is located underground, the 'heat is lost from theksolar system.

A
.The minimUm useful temperature in a ,water storage tank for direct

P:.

heating systems, as discussed i411 previous module's, is above 90°F.

I

#
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For solar cooling systems, the minimum temperature is about 170°F for a

lithium-bromide,water absorption cooler. These lower useful, temperatures

and the botlingitemperature as the upper limit set the temperature ranges ,

-

which,determine tank size in system des,igns.
.

In contrast to hot water steerage tanks, the rock bed 'cannot be

storing and delivering heat to the house at the same time. To heat tie

house from storage, the flow of arir is 'reversed; cold air is 'delivered

to the,cold side of storage axis heated as it flows through the hot

rock bed. Because the cold-air return to storage from the house is
At

always at room temperature, the auxiliary heater can be placed in'the

deliver.,' duct from storage. Auxiliary heat will not increase the tempera-
.

turecAn storage. The temperature front in'the rock bed will gradually

recede, and even when all the useful heat IBS' been depleted from the rock

bed, the air can continue'to be circulated through storage if the pressure

drop across the bed is small.

ROCK BED STORAGE

Heat is stored in a.rock bed by circulating heated air from2the
)

collectors directly through the rock bed. In contrast to the water

storage tank, the rock-bed is not heated uniforM1Y, but is heated by

layers to the temperature of the air stream coming from the ooilector.

This, results in temperature stratification, where the top of a rock bed

is at the collector air temperature and the bottom of the rook bed s at

room temperature.. The advantages In stratification are that cold air is

'returned to the collector so that the collector operates more efficiently,
..,.

.

and when Keating from storage at night, the air temperature.is high, Oeing

nearly at the same temperature as it was delivered from_the collector .
. .

during the day. In contrast, the limit of water storage temperature to

,
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heat the house is abopt 90°F,_and the auxiliary boiler in a water system

should not be placed in "series" with the storage tank because the water

temperkture return-from the fan coil unit would be greater than 90°F and ,

thus auxiliary fuel would be used to heat(the storage tank.

Commonly available rocks have a specific heat-of about .21 BtA4(16)(°F).

On a volume basis, the heat capacity is about 21 Btu/(ft3)(°F) (.21 Btu/

lb°F x 100 lb/f0) for .75-to-1'.75-inch rock sizes. This is one-third the

heat capacity of Iater on a volume basis. Thus, to have the same heat storage

capacity as 0 water tanLabout three times greater rock vol me is required. The

rock bed in CSU Solar House II contains 18 tons of .75-to-1.5-inch rocks in

363 cubic feet _At a uniform temperature of 150°F, 595,300 Btu (30 Btu/

(ft3)(°F)x 363 ft3x(150-68)-°F) can be stored. Solar Hou e II has a

design heat lead of 17,600 8-tic/Degree pay. Fol-. an averag outdoor

temperature of 14°F, there would be approximately 17 hou s of heating

capability from storage.

PHASE CHANGE STORAGE 4

A phase cHange-material, such as sodium sulphate hydrate, with its

phase change occurring at about 88°F, could store a large amount of heat

in a small amount of- mast'. This pafticular phase change material has a

heat 61 fusion of 108 Btu per pound. To store 908,000 Btu of heat,

8407 pounds of salt hydrate would be required. This compares with about
*

.

9100 pounds of water with sensible heat storage from 90°F-to 190°F,
4

Because the density)of the sodium sulphate fiydrate is 91 lb/ft3 as compared

( with62.4 lb/ft3
for water,_there would be about 65 percent of the space

required for the. salt asior.'water. When costs are considered, the

advantage of smaller quantity is loft. Also, other problems exist for

c this particular heat storage medium and for other phase change materials

516
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such as packaging in non-corrosive containers and maintaining chemical and

physical stability in-the cycling.from soljd to liquid states. Storage

for solar heating and'cooling systems is not sufficiently greater than

water or rocks to warrant the greater costs.

DESIGN ASPECTS OF:STORAGE SYSTEMS

WATER STORAGE

Tank Material

Tank materials most likely to be used in water storage are steel,

aluminum, concrete, and plastics. A number of different modular and_

built-in-place tanks are shown in Figures 12-1 through 12-6. ,itAel tanks

should be lined with a material such as butyl rubber to prevent-internal

corrosion from the water. Any material used as a lining sh-buld have a

long life since replacement may be quite. ,difficult. The lining materials

must also withstand high temperatures that occur, in the storage_ta,nk.

Concrete tanks may not require lining, depending on quality, but-eq

additional re fOrcing and sealing of joints because of temperature__

stresses. Most plastic.tanks currently available will not withstand the

temperaturg needed in solar-heating and cooling systems.--Therefore,

,special' composition tanks-will be required.

Tank Shape

A spherical tank provides the least surfaCe area per unit volume of

storage. ,',,,14',41s cheapest to insulate.-A shape-that deviates from this,
':k

_ .

-such as a long slender cylinder, requires mere tank insulation material.

Azspherical-tank is also structurally advantageous. However, fabri-
,

Cation and support of spherical storage tanks are more difficult than for

517
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REINFORCED

CONCRETE BASE

VERTICAL 8 HORIZONTAL
REINFORCING

.Figure 12-1: Reinforced Concrete Block
Tank.

1(2" FIBERBOARD

Figure 12-2, grecast Sectional
Vault
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STEEL OR
CONCRETE .

COVER

z.

SYNTHETIC 'RUBBER

MASTIC JOINT .

c?.

'SEAL BOTTW WITH
VVET CONCRETE

Figure 12-3. Precast Concrete,Storm Drain Pipe
Tank .

UNDERGROUND STOROGE,TANK

tf

ABOVE GROUND STORAGE TANK

Figure "12-4, Fiberglass -Wks.
.k
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INSULATION
00

INSULATION .

1

V

a

'10

f

10 'MIL -POLYEtHYLENE UNER

Figure .12:5.liberglass Septic Tanks - Varibus Shapes - 5130 -1000l gal.

STEEL OR CONCRETE .

COVER

1

LOOSE FILL INSULATION

Elda
END BLANK OR05ET
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1NiFRESH.CONCRETE'

A

OR BA

PIPING

s
CRAWL SPACE -

,
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AT,LAETr ON -,ORADE
MENT -FLOOR-A

r EXPANSIO 'JOINTS,
Figure .12-6. Vertical Tanks from Pipe%Seelions
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.
cylindrical tanks. Thus, the most ,practical -shape

,
is cyTindilgal tank

Playing a diamete -to-width .ratio ofnearly one. Precast concrete tanks

could be cylindrical or rectangu r. Built -in -place reinforced concrete
a

'

tanks would 1 ilely be rectangular because formtrig is easier..

Tank Insulation

Insulation of' a storage tank is important to conserve 'the collected

heat. The bottom as well as the sides of the tank should be insulated.
. ,

q.
. . . .

T a n k bottdm insulation ust Lie-aqcopplished prior to installation of° the
i' '',, * % v

, .
.

-3-

tanW. :there are sem-z). osSibi 1 ities foe doing ,this. One is to rest the
4

. tank On rigid insuiatio foam'pads. Another is *to- est the tank OR closely .

i, .
..

. .

spaced two-by-six-inch boards and insultte between them, . .

. * .

. Several different approaches can be used.
fo.insUlatei

. One is to wrwrap
,, - .

i

o
.

the
.
tank in conventional jesulating material and another i4 to use. a spray

. f ee - . ..
, .-,t 1 . . --,

,foam type. tof insulation. Insulation, of ,Itt _least R723 'is recommended for
,I, , _

inside and R-30 for butsidetalk placement. A tYpe.of insM.Otion that_
. ,,--ir ,--.. i illii ' .

. 1.

--r".4,..-
wi.11 not absorb moisture -should-De *selectefl ,in autsidelocations4 other

. - 7.. '''

..

a+

areas where .wader` Or moi ature . ivy bj a .problem.
, ,,

.

. of, . - ,0

\

,

' 4 is also---desirable- to enclose the tank alangowith the associated -2\-
..... I, I -, -

41

components such, as he hot water heater' and hea
,

insulated room:. This isolates the tank and oth
.

froili` the rest of the house -
Tank Location /* .

I
.1f/the-tank is lopated 4i 1

I

t exchingert.iv a vented',

er geatrprobucing subsystems

.1,

thebui)ding, there is some loss,of

living area. *Usually 'the most ekstrable
4

loc.ation fo.r the tank is. in the,
0

basement.. In lthi's case the tank is easily accessible for repairs. In
. ,,

other cased, such as'. retrofit applications or, where they is no basement,

,

ther locations must be-found. Alternatives are the .garage or outside the
4 t .

,
. 4

house, edlee above ground or buried. ..-
. .. .'

-;
.

. .
,.. .-

.

,,

.... 51... ,

.

411* ',;

.

w 'r .

4 4

.. .%
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Tank Strabffcation

There is little stratification in a hot water sterag tank. The
.

differetipe in temperature of the water between the top a bottom of the

tank is about 5°F durfngnormal operation in 1000-gallon tanks. Stratiff-
.

cation can be enhanced to some'degree by the introduction of bafflei to

prevent convection and mixing. However, it is qUestionable that thejain,

is worth the expense. ',Another possibility islo use multiple tanks, but

this adds to theexpense of the system. 5'

Two majOr adVaotages'can be.gaihed by stratification. One is higher
i

temperature water delivered the heating coils, and the'other is colder

water delivered to the doll ctors. Higher temperatures to the fan coils

tollresult in smaller sizes and.colder temperatures to the collector,

resulting An Increased collection efficiencies.

Piping to the Tanks

The inlet.pipe to the storage tank 'from the collector should be
.41.#

wi

IOCited toward the top of the tankond the outlet to the collectorshould

be at the bottop of the tank. The Outlet from the tank for house heatieF

and"cooleg should be toward the top of the tank, where the tank is the

hottest, and the return Should A toward the bottom of the tank. Vented.

providedtanks shoulakbe .with a make-up water line leading to the bottom

4110

orthetdnk with a-float control valve. '...-:.
LC

'Storage Tank Size

Studies' have shown that for most locations in the United States,:the

storage tank ghopld'be sized to hold from 1.5 to 2.5 gallons of water per

.

square foot of collector area. IA small.storage tank will have higher

averajelemperature and hence greateheat losses. However, high storage

. temperatures are desirable for.air-condltioning applications, since the

. I
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'out-off temperature for an absorption aid- conditioning unit is about 170°F.

A Marge storage tank will hav 'lower average temperature and Maynot be

able too' provide direct heatingof the house. For most residential applica-.

tions and locations, the system performance'is relatively insensitive Thin

.the 1'.5 to 2.5 gallon per square foot range.

ROCK BED STORAGE,

Container Arrangement

A rock'bed',storage bin can be constructedwithmood:- Stud walls with

ioneThalf inch plywood on both s1bes and 3.5 inches of R-11 insulation

played ween the studs form an adequate storage container. A plenum

i
must b prpVided-en'the top and bottom to dfttribute air flow evenly overa-
the tontainer cross- section, as sbown in Figure 12-7.

The bottom pyenvni is constructed bp'supporting.expanded wiremeghon
t \., . .

. 1.2..) . ,
-.

concrete bloco placed about 1.5 inches apart. The roCks are'then placed,

't

,,..1.,,...e,

.."b

on'top of thewimmesh andiknin fs filled to within a foot of the .top,
. ,

of the rockST, The space al the top jrthe bin' above the rocks form the'
, , . , ).

egiii,

tap plenit. i, 1 .,

The bin should be sealed- before the rocks ese,placed to prevent air
, , ,

. . ..
leakage. This is accomplished by caulking the joints-with an epoxy or

other suffable heat-resistant compound. Butyl rubber gasket or other
A /

tent ma,terialan be used to form,the seal for the top lid.heat-re
1.

Air temperatur re,nominelly 150°F, but%highbe temperatures of 180° '

to 190°F are offietimes reached. Thus. sealant materialS should be selected

4 to within the hi her temperiture*

Contfliner.Size and ShaOe

The rack bedttarage should be sized ,to provide' 50 to 100 pounds

6.6.ocii per square' 0' ell ector. For normal rock densities and for

I

;
S. /523
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3/4-1. 1/2"
ROUND PEBBLES

WIRE SCREEN

RIGID INSULATION \

.

CONC.CAP BLOCK

BOND BEAM BLOCK

Figure,,12-7. Rock Bed Heat Storage Unit

?

A

I

ti

' 5

t,



r

tr

4

. ,

.75-tp-1.5-:inch.sizes; this is equivalent.to one-half to one cubic foot

,-, per sgUare foot of collector.

-
,

Ideally a rock bed shoultr have a short di nce from inlet to outlet,

with a large cross-sectional area perpendicular -to the direction of air

flow. .Wtth a large cross-sectional area, the air velocity is low and,

coupled with a short travel path through the rock bed,the pressure drop

fs small. The smaller pressure drop results in lower fan power.

The rock bed, must be deep en6ugh,,to permit stratification. A minimum
1

depth of 2.5 feet is, recommended. In order to have adeqdAte storage,'

4

however, the volume of the rock bed must be large. To avoid a large

cross-sectidnal'ara with consequent displaced flopr area, a larger depth

may be used. When,rock beg are constructed in the building, a depth of

about five feet is allowable.

Figure 12-8 shows representative tempenatutv
IF

profilesas they develop

throughout the day for a typical 4.5-foot-higherock bed storage. In this

4-figure,the bed is assumed to be fully discharged at the beginning df the

day. ,From this figure` it can be seen that a 2.5- foot -high le

cause high outlgt temperatur s at t, boqqfp after 1:00 p.m.

hen:storage is not fully di by morning, the temperature
a

prdfiles of Figure 12-8 would be displaced to the rightby the end of

the day., A five-foot rock bed depth can therefore be advantageous.

Rock Size

Thee rock size is relatively unimportant, although it-affects the
4

_pressure drop through .the bed...The rock size should not be so small as
.

'to reduce flow rates significantly, nor so.largethat the interior of

individual_rocksls never.heated. It is recommended that rocki

.75 to 1.5 inches in size be used.

525
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Figure \12 -8. ,Typical Ternperature Profiles in a Rock
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`Rounded rocks are preferable to sharply fractured rocks. HOwevet-,

it is entirely satisfactory to use crushed gravel aggregates normally

used For concrete.

PAir Flow Rates

The flow.rates through storage are governed by the Pressure drop

through the storage bed and the required flow rate through tbe'collector

to obtain the desired temperature rise. As notedin earlier modules,

the desired flow rate is 2 cfm per square foot. Thus the storage cross-
.

sectional area should be sized to keepthe superficial velocity less than

'about 25 Meet perminute. The superficial.velocity is determined by

dividing the flow rate by the cross-sectional area of the rock bed.

Figure 12-9 shows the pressure drop through a rock bed. Suppose

the collector area for a sys'tem is 700 square feet. The flow rate is

therefore 1400 cfm. Using a guideline for storage 'sizing of .75 cubic

feet ,per square foot of-Collector area, the volume of the rock bed should

be 525 cubic feet; or 26 tons of rock.

Air:Elownrection

The flow direction for the heat storage mode should be from the top

to. the bottom of the bed. When rock bed storage is placed in crawlspaces,

it is necessary,to direct the flowhorizontally. The preferred flow

direction is from top to,bottqwe.
SAW

When heating the building from storage,the air flow should be reversed

to take 'advantage of the stratification. f the rock pile is 4,5 feet high,

tiien..the cross-sectional area,pe)Tendicular to the air flow is 117 square

feet, which is provided by,a 10-foot .0 11.7-fbot (say'l4foot) size. The

flow velocity is 12.0 fpm and the pressure drop is .05 in W.G.'(frOm

Figure 12-9):

5 9
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. Superficial air velocity less than 6 fpm should not be'considered

because heat transfer from the air to the rocks is poor and the crtiss-

sectional area is unnecessaj'ily 1,arge: Better economy is realized if ",

cross-sectional areas -are consistent with flow velocities through, storage

\of about 15 to 25 feet Qer minute":

,F;n\Size and Power Requirements-

Fan size and power requirements are governed by the pressure drops

through the collector 'arvil distribution systets\- when pressure drop

through the rock bed is kepCsmaller than 0.1 1 :G. Sizing'of blowers

and motors is therefore determined brother components in the solar.

heating and cooling system.

Container Insulation

Insulation in the container walls need not be excessive. R-11 or

11719 insulation for the container shouldbe adequate.- Heat losses through

container walls can be determined by the procedures outlined in.Viodule5.

The overall U facton for wood container with R-Il insulation is about

0.07 Btu /(hr)(ft2)( °F).

Special Precautions

The rocks should be washed before placement because excessive amounts,.
4 )

of dust would clog the filter frequently. A potential problem could exist
,

With cyclic heating and cooling of the rocks, which could cause some

thermal(iracturing.

.14iirothe evapordtive cooling sy,stem, condensation on the rocks can

be a problem during the summer. Condensation could cause" mildew and odors.

1
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OBJECTIVE

At the end of this module the trainee should be able to make measurements

of temperatures and flow rates at sigrPficant locations in a soler

system to determine if the system is performing as desired.

INSTRUCTIONS .

4

The class will form in two groups; one group will design solar

systems and the other will work at the solar houses,and the groups .

will exchange-Issignmentsr.th the middle of the afternoori. The

design group will refer to Module 10.

The group at the solar houses will further subdivide tnto_four

groups as follows:

Group 1: Start at Solar House I (entry) ,

Group 2: Start at Solar House II (conference room)

-Group 3r: -Start at the air system model behind Solar House II

Grouper Start at the water'system model behind Solar House I

.

At the end of thirty minutes the groups should rotate, with Group
,

4

Ak /

moving to the "top of the stack" and the other groups moving down one
-..---- .

slot. This process is to be 'repeted at thirty - minute intervals' until

each group has been- to all stations. The procedures tp be followecrat

each st4tion are described below:

STATION 1,. SOLAR HOUSE I

The group will be given-sompeeformanoe data for some selected

,period, .The data.will indicate a problem. The group should Alentifyi_

from the data:, the source and nature of the problem and prescribe appro-

priate action to correct the ,problem.

531
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STATION 2, SOLAR HOUSE II

'Use same instructions as for SIaiion 1.:

13-2.

1
STATION AIR SYSTEM MODEL

P The groups will calculate the efficiency of the collectors over a.

given time interval. Each group should determine what (144a, are reggired,

make the appropriate measurementsandthen perform the required

calculations.

STATION 4, WATER SYSTEM MODEL

Use same instructions as.for Station 3.

532
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INTRODUCTIO

"TRAINEe- ORIENTED OBJECTIVES

At the end this module the trainee should be aelle to:

r.
-;&

Operate_ the i teractive F=CHART program.

2, Perform calculations relative to a sol.ir system in;

.or near, his hoo/loca.tion.,

.
Wf.

.

1. INSTRUCTIONS

The group that is on campus i4-1112taketuirts at operati
s,

jpteractie -CHART program.. Aneffort will 'be made to have each
f -

peron opera e Ocomputer and obtain results that are Olf specilic
-4

.-interestfo the trainee.

0

*

1
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INTRODUCTION-- .

S
.

The only' control for solar heating and cool ing.iiystems with which
_ .

* Y4 i 0 .O .
, docupaRts need to be concerned is the thermostat in the building.

1

Howevei', there are many important controls needed for, solar systems. that----s. ,

_ ,
1 "-- .

. automatically control the pumps and .blowers, valyeS anddampers .and
, .

.the auliary s'ubsyms to collect arid deliver the' into'
-.,.

storage and into the.bUilaing. The design, function and stOategy

of the automatic system controls are discussed in this module.

6
TRAINEE OBJECTIVE'

The objective of the trainee is to understand the function,

.mechanits,. installtiOn, and maintenance ofcontr ol systems.
N

1

SUB-OBJECTIVES A

4
At the end bf this module the trainee should be able to:

AdenfifY control functions

2. Undeuand control circuits

,3. Recognize controlmethods and hardware'

4. , .Specify control components

5: Install, and maintain -control systems.

+ I. ,. I

IMPORTANCE OF CONTROLS' .

,
mr

CONTROL FUNCTIONS'

r
0

, 4 ,a ,

The basic functioli of theonti-ol system is.to ensure that a.

maximum amount of energy will --1)1e collected frbm a solar system to provide
,

the reguiredheating,or cooling .load tothe'structure. Controllers are
.

-v

4 (

- 5 8
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extremely important, in a solar 'heating and/or cooling system. There

is' ,a tendency fora great deal of concern for the efficiency of 'a col ec-,
for and less concern 'for effectiveness of the tontrOl'system. The net

4 e
result is reduced effectiveness of a system. For example, one might

spend a great deal of money for. a good selective surface on the absorber..

J.of a collector to realize an improvement in, efficiency/ of approXiMately, ten

percentoThereas careful 1Y.designed -controls could achieve that much Or

more for very'l iftle 'cost and effort.

COLLECTOR CONTROL STRATEGY

A'
Most controllers at presen are.on/off control lers that ,

.
they command a pump to be either on Of. off , -depending upon certain,

co tions, The typica) ,control .strategy with respect to controlling
,.

4,

the flow oif' a transport medi um. n the Col 1 ectOr oop° to 'start the
. ,,,

collector pump whenever the ol,leo.t,or fluid -exit temperature j5 arener, by
, t

some set differen0, than the tafik-.temperature and to turn off the '
.

, , ..
. . ,

%; .,
collector pump whenever the collector outl et ,temperature approaches

the tank- temperature*. . The, temperature' difference to -start the flow
lb 0is, nominally set at 20 F and to- 'top he.flowo a,..t ha Or 4

, c,

As a specific example', ,s-u'ppose. th,§t%,the storagetemperature is
e

* 120 °F and the collector temperature, is 50. °F when they sup ri§es
,

The collector temperature will gradaally iricre'aie, and when it reaches
...r -s ! ''''

140 °F the control 1 ew wild start the toliec,tor, piimp (assumi ng that .

the storage temperatu're is 420-:°F). Theri ins the .afternoon as the sun
a

begins to set, the collector, temperature 'will 'begin to decrease. Suppose
%

that the storage temperature ohas-reached 150 F lzy 3:30 p.m,. When
. ..,

othe collector temperature decreases to '153 F the controllerivil I 'stop
, .

#

5,39
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the collector pump. 'The temperatures sensed by the sensors depend

upon their location in the system..

Ratio of TemperAure'Differences_

Ifthe temperature sensor for the collector is locatedat a Point 401

such that theLS4h/or is rapidly.cooled by the transport medium, the result

can be that the collector puMps will cycle on and off repeatedly. This

-.cycling can also accur.if the difference betWeen the temperature to

start an0 to stop -'e system is not properly selected. The ratio

between the dn-to-off temperature'differences should be approximately
,

five to seven. In the example given in the precedih paragraph, the

starting temperature difference was 20 of and the stopping temperature

difference wa's_3 °F. The rafio is slightly less than seven. A larger

value for this ratio wili reduce the total energy Collect by the'systeM.,

while a smaller value will cause cycling.

Freezing Protection ,

Some controll'rs are des .,gned to incorporate an aquaStat to

compare temperature Of the transport medium with someeset temperature
'',,

such as the freezing temperature of water. Then,ifthe temperature of the

fluid In the collector approaches this preset temperature,, the pumps'
411.

are automatically started to circulate the fluid or to heat the fluid

from storage.in order to prevent feeezing-. This is not a recomended

peotectio6 measure against freezing,because if there is a power failure

-during cold, weather-, the pumps will not operate and the collectors can

.

'freeze. It is kefkred to use an antifreeze.soluiionin the collectorz,

loop. :a

, 540 4 0."
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Two -Speed Pump

A two-speed pump.paylf considered.as a.possible Way tp regulate

. the temperature rises in the collector to improve collection efficjency.

' By chknging to a slower flow rate during periods of low solar insolation,

the system will collect heat at useful temperatures, whereas'with a high

flow rate, the temperature--of the fluid at the collector, outlet would be

low and the controlwould stop:the collector pum15,,v0hen the solar

radiation intensity i5 high, the.flov rate can be iocrtased. The fluid

temperature would be reduceditecause of greatir flow, and the collector ,

will be more efficient.

CONTROL SYSTEM:HARDWARE 0

The solar system controls,consist,of power relays which switch

electric valves and pumps, in the liquid system, or blowers and dampers

in the air systemondaulgiary heatiog units iii both systems, in response

to temperatures or temperature differences: Controls for solar systemS
'A*

fundamentally serve the same functions as .conventional HVAC controls;

ho er, there are more control functions-in Solar systems,and also there

are "interlocks" which prevent4andesirableor hazardous sequences of operation.

A solar 'system-tupplier should provide the required control hardware
I

or at least specify it, along with explicit wiring.instructions. Building.

, . .

.

. . .

a control system At the site should be avoided unless experience in this
.

prpctide is avaitabl

, 541
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.THERMOSTAT

A two-stage"heat, indoor thermostat is recommended for residential

,solar heating systems, and a two -stage heat, one-stage cool type is

recommended for'solar heating andcoolfng systems.,, Ab;riations willfeature

"on", "off:' or "automatic" control to circulate the robm air, and

"heat", "cool:' or "eutom " switches from heating to cooling or vice- lot

A

............../,': 'versa to meet the need. a.4,

0 00 4 V

ti

When cooling is regUired, the single-stage cooling provides indoor

space temperature control. There is a lead band, which is a small range i

fin temperature, between start and stop signals given to the controller

Which in turn controls the cooling system.
A

The dead band for most

thermostat is almost-5 °F. The heating operation is a bit more complex/

Upon demand for heat, the first stage calls for the solar sistem to
9

provide -heat. If the buildinj heat .loss isAreater than the solar syqtem

can provide, the temperature in the buildifig,wilTcontinue to drop to

stage two and the auxiliary -System will-be called upon'to provide heat.
, .

The alipary system can prov-rde.safictelvt heat fOr @e building by itself;

or in combination with the solar system to raise the temperature in the room

to the upper temperature limit of stage one which stops the heating system.

The upper temperature dead band is nominally about 2 °F.

The thermostat is the only control with which the occupant needs to
. ;

be concernek., Once the occupant setS,the winter comfort control level to,

saY168 °F, and the summer comfort level to,-say, 75,°F (or other suitable

44:

o

.1 , . -.

temperatures),he should not have to- selector adjust any mother control in
,.. .

,

the heating and/or

.

cooling system.,
-.00.

.

a
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TEMPERATURE SENSORS

Types

\\ 15-6

There Aremahy types of temper &ture sensors that can be Used in the

control subsystem such as thermocouples, thermistors, silicon transistor's,,

bimetallic elements and liquid or vapor expansion units. Bimetallic

elem and liquid orvallor expansion units are seldoM used beciuSe other

.

temper ture'sensOrs are more durable and dependable. Thermocouples are

frequently usedidr.temperature measurement. Kowpver, they .are not .

often used in controls because the voltage *output is low, in the millivolt

... range, and without amplification the voltage is insufjciehi to be used

P in controls.-
-

Thermistors and silicon transistors are, used in the control subsystem

because the voltage outputs frodi these sensors are in the 0-1Q yolt range

and are high enough to serve the cortrol functions. The voltage

.8*

_outputs from thermisto -s are non-linear, and calibration, circuitry must

beoprovided for'thednon-linearity. The voltage outputs f om silicon

"ttransistors are linear in the normal operating'temperature range of solar

heating and cooling systems, and provide for simpler circuitry to

control the system.

S

CP

.1

Location, . ,

The locations of temperature sensors are notpaAicblar)y
.4t

critical,

but there are some preferred loCafions. TeipPerature sensors are required,.

to measure the air or liquid tempeqture as it exists fronitlie collector,

in the solar storage_ta'nk, or rock bed, and in the'preheat water tank.

The sensor in t e,conditiOned space is the thermostat.

543
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The - sensor which,measures the fluid temperature at the colleCtor

cutlet can be located n the manifold whiCh collects the fluid from the

total array of collectors.' It is preferred that the sensor be in contact

with the fluid, but it is acceptable for the s sor to be in contact with

the pipe, provided there i;'good thermal contact of the,sensor with the

pipe.' '11_the sensor is attached tO"the outside of the outlet pipe, the.

sensor should be well insulated so that it does not lose the heat to the

surroqndings and register a )ow temperature. It is important to locate

the sensor near the outlet so that itcan register the fluid temperature

when the sun is heating the collector but the fluid is not circulating.

Sensors in the outlet manifold will register the increase in temperature, /-

but the sensor located far from the manifold will not, ancLuseful energy

cannot then be collected. Wherevtr the sensor is located, the characteris=

tics shoqld be checked out when the system is put into operation.

The sensor in the storage tank should be located near the bottom

third inside the tank. When there is no fluidscirculation,'the temperature

at the top of the tank will-be slightly higher than the bottom, but while

the fluid is in circuTation, the fluid in the tank is usually well mixed and the

-temperature will be uniform. .4

0 The location of the sensor, in the preheat tank shbbld be near the

-

to one-third of the tank. Ifit were located near the bottom, the -tempera-

ture at the top could be several degrees hotter. Also, when hot water

is used in the household, cold water enters the preheat tank,near the bottom.

While the preheat tank would be thermally mixed-when the pump

frequent cycling could result from the sensorregistering locally cold

water. temperature. For an air .system, the cycling. is not particularly

harmful because only_ae:bump for the ,reheat cycle is involved.. However,

for the hydronic system, two pumps will, be put into operation; and

544
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frequent cycling can be wasteful of electric energy. In both air and

liquid systems, more heat-would be los than necessary from the.pipes and

. ;

end of storage will" determine if-,storage ls "full". .

. -

heatexchangers because of frequent cy ing. .

The sensor in- the pebble bed should be located at the bottom
.40

(or outlet) end of storage. When heat is being stored, the bottom (or outlet)

CONTROL PANELS

Usually a.centraJ control panel is,convenient to consolidate the

circuits and relays that provide the control functions. The panel wduld

house the relays and provide for home adjustment of thetemperature limits.

It is best to acquire a control panelfrom the solar equipment manufacturer

as a prewired unit to serve the system. All that needs to be done with

a prewired control panel is to connect the temperature sensors, and motor,

ir

\auxiliary, 'and valve anddamper controls to the proper terminals in the i

control panel. The, manufacturer wiM provide the necessaeyfido-k=up

instructias. The power ,for the control panel, will' usually be household

115-volt sing}e-phase
-
A.C: line power.

TYPICAL.CONTROL SUBSYSTEMS

AIR SYSTEM'

A sketch of a typical configuration for-an air-system is shown

in Figure 15-1. The tempeeaturbsensors are indicatediby_T T
ti co

.7 and T Tci measures thelcolgector inlet, temperature, r measures
co

the collector outlet temperature, Ts measures-the storage temperature,

and T
E,
measure's the enclosure temperatu BD-1 acrd BD -2 represent

0

backdraft dampers, D-1 and D-2 represent manual dampers ,and-MD-1 and

4
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Dom. Water-
Preheat
Coil

D -2-
-1 7-1

'Auxiliary
Unit

0".

.

Ti I

Supply I
Air I

1

1

1

Heated I

Space 1

1

1

1

1

Retwrii
Air I

.Air Handling Unit

Bb.-1 Filter

Figure 15-1. Schematic:Diagram of Solar Air
Wating System.
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MD-2-represent motorized dampers. 'The function of the controlles..,i-s---77--.

to operate the blowers and the motorized dampers to-collect and

distribute heat for the house. A flowchart of the control strategy
1

istshown in. Figure 15-2.

Thetfirst decision to be made by the contPoller 'concerns whether

or not the hoarse needs heat. This is determined b4comparing the actual

temperature with the desired temperaturie. If theemperature measured

by thetemperature sensor in the house indicatecNat the house does

not need heatlthen the controlle' must determine whetheror ript heat

can be stored. Thisis determined by comparing the collector inlet

temperature, To, with the collectir Atlet temperature T . If T
co co

is not greater than Tci,then obviously there is, no heat being collected

by the collector and we would not want to circulate the air through the

collectors. If T
c0

exceeds Tci,then there is .useful energy available

and Vie controller will turn on the blower and hot w at er pump
4

.and control the dampers to direct the flow through the storage.

If the,house'requires heat,then the controllm,must determine
, .

,whether that heat cabe supplied-fro the collectortfrom storage.
... , . -

Thesedqterminations are aggin made by comparing temperatures: If

. 4 .. ,

T
co

'is not greater than T
ci

k :obviously we cannot- supply the heat
, - ) .

. . ,

from the' collector f th rpfol e, the next questfOn''t0 'beaSked'is, can

4 4 the heat be supplied from storage? This iS.aetehnine4iy compariki the
, , .

a ' ' .. .

1
_

storage temperature, Ts, with the reference temperature:, rsk, wroth is.
q.,.

nomtnally set'at 100 °F. If T
S
-is not greater than T

SR'
then we can

,

not heat from storage', if, however, Ts exceeds TSR,then the controller will
_ ,

, , .

.

turn on the bllower and control the dampers to direct the flow through.

.- . the storagntainer and to the house by providing:heat to .the enclOsure..

m
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.It is pOssible,0 of course, that the encloure temperature may continue,

a)

:decrease due to high heat\losses from the house.; If °the enctsure

temperature, TE, drops belowth rence temperature,,t,R2, then

,
. it' is Clear that ,still more heat Is. required. To-this case the

controllerwil 1 turn -on the auxiliary heater.
. ,

If the controllerler determined that heat-could be suppl i ed. from
,

the collector, that is, T
co.

is greater than T.ci
'

then the controller

will turn on the blower,,and the hot watRr pump and ,control the dampers
.., -41, k 4

.
1 t. to direct the flow through. thecol 1 ectors and theh to the hOirse heating

ducts. It is still pos /0 A le that this. may riot supply adequate heating'

to the house,and consequently the controller must 'compare the enclosure,

temperaiftre wit4i the second reference temperature to determine yhether
Y

or not the 'auxil iary heater must be turned on. 4 a

I-
I

The nex step required in .the design of a controf system is to
,

..),

construct a tr h table fort the contrOl,strategy just des*- andcribed
. .

represented in Figure 15-2.
\k

truth table .fOr this system is shown.
.

in Figure 15-3. The left-hand portion. of the trut le shoWs the

.

temperature comparisons. An ehtry'ofilig in the tru table, indica'tes. ,
r . ,j

that the. statement ,is triterwhereas'a ro represents 'a Oluation where
.

{

it as nottrue. .For example, if TE i
.

be. entered in the first cerium 3-n .the.truth ;table. The -5(is represent
, Al*

ss than.TRi,. thell a one would :.
I 'i ^ '

...,.

the,"don1.tsscare" itk.lation. The Middle- portion of the truth 'ta`bl'e. shOw's
, , Y

OD -

the variow operations. .For example; a 1 in the*
s ,

Bn'lain column woutd.

blower
4 .C., 4 . I

inditateskthat the mairblower is turned +In, whereas a zero would indicate
...t, ', . -, .. ,

.. ,

thatgthe blower is turned off. A1 o,a 1 entry in.,the, MD1 column would

4

indicate that port A.on rimoto,zeed number iamper numer one is open and port B 2.. ,

on motorizeckdamper number one is closed. The right-h-and idrtion of the
A

a

1#
i

rJ

40.

*
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truth table indicateS'the mode of operation. For example,consider
-

. ,

. .

_

the -first line in the truth table. This line corresponds to the mode

, . .

.
.

-...,

where the heA would be'suppTied from Ole storage. Suppose'that T
E. .,

v

wouldis less:than TR1 but greater than
a
TR2. then we would enter a one in

.

% /'
. _

the fir'st column and a'zero in the secondcolumn. iuppose furthermore
__.

_ .

1

that T
co

is not greater than T
ci.

therefore we enter'a'zero ih-the%
- .

,. .1 .

40
tKird column. Supp6se, however, that the storage temperature, Ts,

46.
-i greder,than' thel'reference temperature, TsR:, we would want the

, , : _,...
,

controller to`turn'onthe blowers and direct thefflow through the

Storage'to the house., this. flew is directed bpcontrollfng motorized
, . f '

dampers one and, two. When the blower comes on it will draw af into the.

I

returnaim,:dqqsthown in FigUre 15-1, through the filter, through

.

baakiiraft'damper number one-, and then ihto,the lower plenum on the
4., :. .

- ,

. storage unit. 4Mhe air will then flow 6[5 through the, storage ,unit, being
,

., .,

. % . .heated in-the process, and'exit the storage' unit at the top of the'plenum.
-----,,;--:::---IL,-...-.-_,.,_.-,,,_ -- _..,.%7>4,

,

A.' ,1 At.MD
1
we vult-41a76,7B`epelnand A cTosedin order that the. flow can reach

-a

(

. : the main blower. ',_The, air 'mill exit the main blower and go through MD, 4'.
. ,

E-a. %o'
at Mg2 wa mus.ehave A open' and [3 closed in order that'lpe flow of air

. . z
s f 'i a Vo

t . '. ,,
4/ be directed to ;the supply air 'ducts. Since it was assumed that Tr. es

" .

%eater than TR'g*tiVwas not necessary that tb1:,auxiliary unit be turned )

.... . 1. . A "4 ''i'
A ,. orfland-therefore atzero

P is'enteredin the gas, cblamin ;in.thetruth
. ,

table. Also., since the elllectors are Hot being operated, the hot-.
,

,,

t
,)

e

rwater pump will not be tdrne on and,therefore,thre is. a thro entered
,s.

.
the HVP.coTumn of the;trutk taire. -The eemaining modes of operation

shown on the flow chart _ofof the tontrol strategy are'ilustrated in

. 0

the truth table.

I ft

,-
q , .... .

- ... ..---- e a
4.,---- ..-r %

' t.'
'1
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The net step reqUired in the design, of "the control syglerni is.to
,

., , _ .,
select hardware to_implemeAt the0,ogic shown on the 'truth' table. The ,, .,

.symbols, at .the top of the middle portion of the truth table represe nt.
,

the_the logiV that is .to be implemented; for example, above e BinairysT

columrr we observe the notation 1 + 3, This indice;tes that the main
,. $ . .,
Oldwer is tfibe turned on whenever there is -a 1 in column 1 or a 1 in

.1

ligmm 3; similarli, the auxiliary blower is to be 'turned on Whenever. . .
'there is 'a rl in column 15 port A on MD

1
Is to be opened whenever there

.
. . . it. -0 ' r

. its 1 in column 3,tport A -o,n MD
2

'is. to be opened whenever" fhere is a 24"
, ,.. .

1 ill column tan& -,
the -gas is

N2
fo be turned ororb whenever there, is a

., , .
1 in "columns land 2 or. a 1 in column 1 and a zero in column's 3 'and ci.
, . ilk

A circuit diagram L
ing discrete compbrrents that may be used to

. ..
; *

.. . , -

implement the control'qb0c just developed is shown in Figure 15-4.t. _ i

The comparators 'shovn on the left-hand portion of the' figure compare . r ,. _ . .

the various temper=atures throughout the systerri these/signal s. are then
, _4,,, .

... .
- sent through AND gates, OR gates, and inverters in order to generate

-
the signals .that are sent to the motorized dampers, the blowers,.and.. , .. /

,,

the auxig iary unit. qv

The solitr system designer would not ordinar,ily concern himself

with this -revel of , but would purchase a.control unit ti at
. , .

accomplishes the above-described,tasi<s; it is important that the designer , ,
- .., , "/

anc? the .i.,,nstalier understand the functions'of the control unit' in order;/ r ,.. ' - . , ... _7
to properly conduct syslem check -out studies that the .soiar'.

system operates as desired. ,

rd,,a

7

,. .1 . ,
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HYDRONIC SYSTEM

4, 15-17

A sketch of a representative hydronic installation is shown in

Figure 15i5. The_ temperature sensors are indicated by Si, S2,S3'andS4.

T4 signals from these temperature sensors...are sent to the control_

panel in Order to control, the pumps, labeled'PFthrough P5, and, the

Calves, labeled V1 and V2. Whenever the temperature recordedat

Sl'exceeds that at S2 by a *preset amount, then the controller,

starts pumps P1 and P2 and heat As delivered to the storage tank.

Also, whenever the temperature -at S2 exceeds that "at S4 bya preset

amount, the controller will start pumps P4 and P5 and heat is supplied

to the-service hot water preheattank. Finally, whenever thermostat

indicate4 that the-house requires heat, pump P3 is started..

The heat is supplied either from the storage tank or from the auxiliary

boilegl, depending upon the temperature' of the Water and the.storage

,t6nk. If.the storage tank temperature is not high enpugh, then the

.

controller will set valves V1 and V2 so that the flow is through

the auxiliary boiler and the auxiliary boiler is turned on.

The control for the pumps for the service hot water system

P

opefaiesin a manner similar to that' previously described. Ae sensor

$4 senses the temperature of the service hot water-in the preheat

' tank. Thisgis comp4red with the temperature of water in the storage

tank and with a'preset maximum value, for example 150 °F. When the

temperature in the storage tank exceeds the temperature of the water

in the service hot water Prtieat tank b,' approximately 10 °F, then

pumpsT4 and P5 will be ttarted:uriless theliemperatureof the water

in the preheat tank exceeds 150 °F. Wed() .rlAt want the water in the

preheat tank to.exceed 150 °F in order,to prevent scalding,
4"_-*

o

,

V. 55 8
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CONTROL LOGIC, NYDRONICSYSTEM .

A schematic representatioR ofa 'control logic for atypical

installation is shown in Figure 15-6. The system"diagramMed in Figure

15-6 operates as follows: The signal frOm S1 is ti* temperature beibg.
'

,measured at the collectors, while S2 is the temperature in the storage

tank. The signals S1 and -S2 ( -S2 is obtained by passing the signal

S2 through an inverter) au'combined in the Summer to produce the signal ,.

S1 -S2. This is compared-with T
ref 1

in the'comparator in ordpr to
d

determine whether or not thetemperature of the fluid coming out of

the collector is high enough to justify turning on the pumps,to collect
.

and store the heat. As indiCated earlier, this differenCe should be about 20 °F.

When this happens, the logic signa3 from theocomparator is high (+ 5 volts)

and this sets the'flip-flop, which in turn will turn on pumps4P1 and P2.

TheSe pumps must be turned off,. however; whenever the difference between
5

the cojlector output temperature and the storage temperature ceases
_

to exceed approximately \4 °F. ;n order to achieve this, theeTinal:'

S1-S2 is compared with 'Tref 2' then.inverted,'and then sent to the

reset input of the flip-flop. The:operation of thedfliP-floO'devie

is such that when R ks high,01 flip -flop device-W.11 send a-logic`;
.49

off - signal to pumps P1 and P2: therefore,' when the collector tempera-
_ Ak

ture,minus the storage temperature is less thalr4 °F, the utput of

the, comparator will be low; and consequently, the R input to'-the.

flip4ffop will be.higb.;:and_ s w111 turn of the pumps.,

The control system.for..supOlying heat to the house is.shown'on

1

the' bottom .part of Figurt115-6. Thermostat S3 senses.the"temperature

in the house, Tr)f represents t lowbr.pa.t of the dead IDallnoglo and'

represents.,the upper part: the dead band. Wheneve?"thehOuse:ref

;
, 5.9:
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p

temperature drops' below Trio. then pumpP3 is started. This maybe

accoMplished.by comparing S3 with Ire ..as show's. then inverting

-
the output of,the comparator, and then sending the to these

!)

inp4 of the flip-Ipp. When the temperature inthe:hsise ,teaches
, .

q .

- .
.

Or
.

the upper.part of the dead band, the output of the second comparator, - -6

- , ,

will. be high, which in turn will cause the flip -flop device to reset
c

. . 4 .
i . -

:itself to turn off pump P3. ,FtRally,,,fhe'valves V1 and V2 are controlleici

by
. ,A.

.... ;
;,"--::

,,ihe'output pf the cpmparato;' that compares. the temperature of the .

.
. e . . . ,

[
. water in -the storage tank with T

re
f

3
If the Ttorage_tank temperature

J ' :drops below T
ref

then valve V2'will.dfrect the flow through the

.A . ,4
_ .. w

auxiliary boiler, The auxiliary boiler is to_be'turnedon only if

sA I 'Nump'133.iS on and S.2 issmal*r than Tre-f:.( Thisii accgmOished .

....

bY'passing;the two s*gnals.through.thvgate as shoWfl In' Figure 15-6.
.i.1 . -

: -,
,

-,.

iFii. #. % tt.. 46,-

.

\
A CONTROL ACTUATORS

_

.

., '

lat

;
k

The pump:-blowers, valves, dnd dampers are referred to as the,con-
1
\. . .

tro/ractuators aidjtroduce the desired mechanical,ope tion in eesponie

; tothe elecArical.control signals. Pumps'Nnd blowers ar wired through
. . Ain

. '
Nt
N °mInbal -.switches frqm the control panel. The switch r ilips on;it is a

7w .

,
---safety,feature..find may even be required in Vie'electrical codes. The

-, z- . -

.

.

. switches are to be placed near themotorsand 0i4t the control panel.,
-...-

.

. . , . . k, -...,,. : , -

e ,
.

Control valvesand dampers usuallyrequire'some Mechanical adjusts
. .

, .

.

meat for ,propersetting. The best practice is to use spring-return two

..
...4,

.positiondampers cir-valvs which are in. the "normq; 0 most commoq
9 4111

posi-tion..wheriunpowered

.
of

c

1C,

r

I

04

..

*

.
..

.

,

I.
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,AUXILIARY HEAT CONTROL,

6

f

The controls on a converitional .boiler or forced air furnace must be

chpnged for't'olar auxiliarypurposes. This is because the blower or pump
. _

0
t-must be actuated from the control panel and not the auxiliary control.

Typically, the control 'panel will'produce a second-stage thermdstat psi gnat

to activate an auxiliary fuel valwe of 220 V electrical power-relay.

e .

CONTROL SYSTEM CHECK. OUT

e

,,-

It is well to check the control Sytem Witha 4ciry" run through the
!IP

.

full,sequence of modes.. The thermostat set points can usually be altered

.,

to fiakethe desired modes. This assure that thg system will "work

.when it is first,put.into.operation. 'There will stOneed to be adjust-
.

4ilehtsto the control:System tn,order to "tune", it to the hjthest perfor-

-

- mance.. This amounts to adjustment_of set points,,de:ad hands', and anticipaprs

which 4ive the-best overallcomfori and sofar heat utilizatlon. :

Rx.

.40

A C.

4

,
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INTRODUCTION

ORIENTED' OBJECTIVE,
: .

To be able to seleCt subsystems for a

SUB4)BJECTIVES, -

. .

solar heating system.

At the end of thi's, 'module the trainee should be able to select:

- 1. Heat Exchangers

2.1Asf_lu ps and Blowers ..

.

3. Val ; Mr Vents, and pampers

d

After Vie col lec

_necessary tQ lect th

'considers ,the se, ecti

vents' for liquid system

orand storage systems haye'teen sized,it is

additional subsystem,..components.,-. This module__

.
of heat) 'exchangers , pump's and valves and 4.-ir .

f011oWed 'by heat .eXchangers, blowers and--r,

, pumps, and dampers for _air

,controls 'are discussed in in

-

systems ,Col) ectors, storage d.eviOs; and

vidual mods les.

LIQUID

. . .... ..
, . : .. ..
A sthemati representation 'for a typi d a 1 u d,iyi4te,iil,,. if shown,.., .

. . . .. . ,
4. L.in Figure 16 The.principal components are the collectors, storage ' : ,i,...

.: I

tank, pumps, heaiexotangers, valveS, and control syst .. AdditAal
. . t. . .

compOnents tha must be included are ,shown in Figlire 16;2. These include
.

. .

. the tfi I te'r.s heck .val'Iie, ion getters, srge' tank and, coupler
,,-,

YSTEMS

1

: (if ne,&ssa?y). Methoils'
:

fOr selecting these components sre presented-

.4

in the folloWing section's .

. r a

o..
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HEAT EXCHANGERS''

Forliquid-to-liquid hedt exchange without nixing of the./iquids;-.

shell-and-tube type heat exchangers should be selected. These units are

marketed widely and are thus easily-obtained. The only uncommon requirement

for these heat exchangers is for a low. temperature difference between the

two.liquids." This requirement' can be Met by .using single=pass counterflow

design. This 4 illustrated in Figure 16-3. It can be seen from the tempera-
.

ture profiles in thee exchanger that the singlerpass counterflow arrangement

allows the temperatui-e difference between fluids to be nearly constant

along the exchanger. Thidt feature results in a smaller temperatuh loss

across theexchangers. The disadvantage of the single-pass counterflow

heat exchanger is its physical dipensiOns, involving long length and small.
_

diameter. 'A second disadvantage is the high flow-rate required through,the

tubes of the exchanger. The Single-pass design- results in more tubes in

parallel. This means that a fligher pumping rate is needed to develop

turbulent flow in the tubes. It may be noted that the tube liquid in the

collector heat exchanger is the storage tank water and is to be pumped4f

a high flow rate; as we shall see later. This flow is obtainable with .

modest pump power because resistance in that loop is love. The high floW'

rates do, however, nearAy eliminate temperature stratification in the t

storage tank. Highly /stratified storage temperatures would thus come

at the cest of a larger exchanger or a higher temperature loss.

The information required fdr selection of a heat exOhanger-i-%;

11. Heat load

2. Quantitsiof fluid enter'ng the heat exchanger (both' sides)

3. _Specific heat of fluids'

'4. Temperatures in and out (both sides)

esi )
4.) faj
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FLUID

. ..

Figure 16-3. Single -Pass Co nter Flow Heat Exchanger

A

5. Allowable pressure drop§

6. Size'limitations*(if,,any)
t.

7. Conditions.of corrosion. which may affect the system.'

Threebasic'equations are necessary for the solution bf the problem

40*
,

. of selecting a heat exchanger. The'first,two equations relate the total

,
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heat load to be tansfe'rred the mass flow 'rate, specifijheat, and

temperature difference' between =the entering and leaving fluid 04:-,both

sides qf the -heat 'exchinger. The third, .the- aver-al 1: heat
. ,

trsansfertoef ficient, surface area, and logatithmiC mean iOmperatCre ,
difference ,for the heat changer. Th&se-e4a-tions are:

Q.= C
P

) (shell side)

Q =Oh Cp),AT (tube side)

Q. = UA (L1TD)
,

where

Q quantilk of heat to be transfe

C = specific heat at constant pressure of fluid
_A 1

= mass flow rate

temperature change of fluid

'0

A = surfaie area

U' = .overall heat transfer coefficient
: -

O.,
LMTD = logarithmic mean t(oliperature difference

. .1k
$

the basic heat 'transfer equation is Us Ciii to establish the ainount; '

of heat exchanger surface require-d:to net thetapplicatiaon requirements. ,
- r

The overall coefficient is a combination of heat 'trtWsfer rates far- both

the f.1 uid through the shel 1 side and, cooling water through \the -tubes and

.
the LMTD'is the true, average logari think meat', temperature difference; The Ytit, .

titi

L.MTD is definedby \

(T1-t2) 7 (12 '',t4;,,

1,-() ge
(

T
2
-t

1)
e

b
V ,

. A.

. .._,

.- ,i,

.. ,

.>. ,

.
-'1*. , ,
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,. , , e
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where the,temperatures tl, and t2 are as shown An Figure 16-3

4
for a single; pass counter flow h6at exchanger.

The overall heat transfer coefficient includes the individual fluid

film coefficilents, the resistanceto transmission of-heat through the-

tube walls, and fouling factors for. each fluid. These equations may be
,

.

used to determine the appropriate heat exchanger size .for any particular..

,application. The applitatibn of these e'uations to the selecfion.of a
. ,

particular brand of heat exchangers will-be discussed below.

CM

Example: Select a heat exchanger for a solar heating system having 700 ft-
2

,

,Of collector, an 1104sgallon water-storage tank, and a 60% solution of

1 ethylene glycol and water as the transport. m&lium in the collector loop.

The gystem is to be ir&alled near Fort Collins, Colorado. The mass

flow rate through the collector is to be 16 gpm.

Step 1 -- We begin by determining the amount of -heat-toile transferred.

Suppose that We are provikied with the following .collector characteristics:

FRUL = 0.86 5tu/h.r-ft
2
- °F

F
R

= 0.72

FR' /FR = 0.97

Also suppose we design for a condition for which

H = 365.Btu/hr-ft2 t

and

T.° - T 100 °F.,
i a

4WS

I

576
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Then the amount of heat collected per square foot of collector isr

Qu/A = (350) (.698) - (.8342) (1pd)

= 17? atu/hr-.t2

Therefore, the total het enllected is-

= 13,000 13u/hr:

Step 2 -- qe.next-determine the temperature changes through the shell '

, side and the tube side pf the Wheat ex/hanger'. The highest temperature

'fluid should be circulated through. the shell side. The specific heat

of the mixture is ailut 0.8-
Btu

(.It varies with temperature and this is
lb

, \ .

an average yalue,i

c,Therefore,
\ i

=(M Cp)
s

(1
min gal lb -0F hr

gal)
8.25

lb 0.8 Btu,
60 min

-

\

=' 6386
8tu
hr-uF

16

Therefore the temperature drop on the shell side is
.

Nir

AT
s
= 113000/6336 = 18 °F.

Now suppose that the mass flow rate through the tube side is 25 gal/min.
1

Theo:

(al cp)
T

= (z; aa) (min
33 -:--) :(1 T-157F.- uu firgal hr-°F

lb - Btu 2)) mir+
12500 ,

Btu

Therefore, . \

t. \
AT

T
= 113000/12500 = 9 °F

C
0 .:, % 1

i

e,
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_-Step' 3d-- Next we evaluate the LMTD. This is made simple by re-
j

ferring to Table 16-1. We calculate the small temperature difference.(TD)
. sA

and the large temperature difference (LTD) from ,

no.

STD ;an [(T'1 ,t2), (T2
ti)]

LTD = max [(T1 -12); (T2 - ti)]
4

where.

'1
temperature,of fluid entering shell side

T2 temperature of flutd, leaving shell. side

t
1

' temperature,of fluid entering tube side

Then

t2 temperature of fluid leaving tube side.

In this example we shall suppose that

T1= 184 °F

t
1
= 160 °F

T2 = 184-18 = 166 °F

and
.

1.60+9 = 169 °F.

Also,

T1, -t2 = 15 °F

'and

-
1
= 6 °F.

Therefore:

LTD = STD = 6

and

STD /LT(

From Table 16-1, LMTD/LTD = 0.655.' Hence, LhfD = 9.8 °F.

578
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'Step-4 Using the heat transfer equation, Q,. uA,(Lmto), and a

heat transfer coefficient noMlnal) of 275 btu/hr-
ft2-oF,

we obtain
. .

77-5-7D7-87)
7- 42 ft2.

113000'

Step 5.-- Use Table 16-2 to select a heat exchanger, having pproxl-

mately the area determined in Step 4. From Table 16-2, we an select

a model SSF-603 with Y tubes or an F-603 with Y tubes":

Step 6 -- We. now select the'baffle spacing. We do this by determining

shell and tube velocity f ors by referring to Table 16-3 and then.

computing velocit according to:

shell-Velocity (ft /sec)' (shell velocity factor (gpm through

spell side)
_

Cube velociti-T-fttt-ee-)-<-(tube velocity factor)-x.(gpm through tube.

side) :x*(pumber of-passes).

Farthest -results the velocities should be between 1 and 6.feetiper

/*4
second.

From Table 16-3 w/obta-in

.SVF .Velocity (ft /sec)' TVF

.244 3.9 - .038

.122 1.95

.061 :0.95

a .031 ' / '0.50

We:canselect eithera or D4baffle and obtain an appropriate

velocity Arm* the ell side. The tube velocity is slightly low and.
/

(, --cauld .d by increning the.flaw rate:

. Velocity (ft/sec)
A

57e.
*
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PUMPS

( .

The pumps must be selected to provide the reqvired design flow ratee-.
1

. ,

1The4pumps should be centrifugal type with direct.coupled motors. Cebtrif-
,

. l _ ..- ,-
ugal.pumps provide two advantages over the positive displacement style'pump.

'Centrifugal pumps offer a safety featurd ia that they will pump only a small

amount above rated pressure if the fluid Toop. should be blocked. Thus; such

an occurrence would neither damage the pump nor burst a fluid line. A

second advantage, particularly on the collector loop, is the increase in'

floW rate as the temperAture of the fluid increases. This.is due 12

viscosity changes of the fluid and improyes the collector efficiency at

high temperatures.

----------7-Pumps are- Tated according to the flOw rate they WiT1 provide When sub-
.

jected to a given head pressure. The head pressure is calculated by deter

mining the pressure drop in each compOhent of a loop. .For example,
4 .

consider the lobo for pump P1 in Figure 16A. The pressure drop

consists of a Ap in the collectors, a Ap due to pipe friction, a Ap d

to elbows, a Ap due to valves, a Ap due'to the heat exchanger, a Ap'due tot,

the filter, and a Ap due to.the ion getter. In a closed loop tha /is kept

full, one doesnat_inCude the head pressure dud/ to pumping the filuid
. .

Ito a higher elevation: However-,--in,a_v_Etem that-is drained, his head'
-----___

.

would have to be included. 0 ------,

The pressure drop through the collectors will represent the major

, drop in the-lyStem._ This will have to be provided by the collector

manufacturer or otherwise determined experimentally,before. the system

-design can be completed. Typical pressure drops are on the order of

'2.10n2 per collector panel. This 'can be related/to feet of water by

the relation:
,

s -

580
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1 ft H2O = 0,433 psi..

The pressure drop through copper pipes can be determinedby

referring to Figure 16-4, which gives pressure drop in various sizes +ii

it

of pipe,at various flOwrates. For example, at flow rate of 15gA

through 1 1/4 inch topper pipe, the Ap is 5 feet.of water per 100 feei

of pipe. Similpr charts maybe obtained for other types'of pipe.' I

The Ap through elbows, valves, and tees may be determined by .J' ;

1
referring to Figure 16-5, or by simply adding about 50% to the NS fd

the pipes.

The pressure drop through the:ion getter is so small that it

can be igntred. 'However, the Ap through the filter can be significant
- - -

and should be obtained from-the manufacturer. In the case of the Filter

in CSU Solar I the values range between those shown in Table 16-4.

The Ap through the heat exchanger scan be obtained from the manuf'ac-

curer or calculated by the Pollowing procedure (from Young RadiatOr-Co.).

The set of curves shown in Figures 16-6 through 16-9 can be uiped

to obtain pressure drops on the shell and tube-'sides of a heat/7
/7

exchanger. The curves are: .

PD1 - The pressure drop through the shell side the tube

bundle utilizing water.,

PD2 - The pressure drop through the tube side of the tube

bundle and the drop due to the'dhange of direction in

/.
.

.t .

multi-pass Heat Exchangers utilizing 'water.

. PD3 The pressure drop resulting from sudden contraction

and expans'ion as occurs, between the entrance and exit

cOneCtiOnsanethe tube bundleion,the shell side; and

:id' .

5P1
4

C
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between the channel or bonnet, and the tube Oundle and

'entrance and exit connections on the tube side.

PD4 'The velocity,through a rovd-opening or pipe!of,'a

gqen diameter arthe given flow rate.
.

'To obtain the shell side pressuk drop .thro4 a heat exchanger:
-

1. Calculate theshell.velocity and enter either PD1 for stir

or PD2,for oil and obtain P
w
(water) or P

o
(oil).

2. Multiply, as indicated on graphs PD1 or PD2, Pw or Pi)

.

by the tube Lndlelerigth in inches, by the ratio of the

inside shell diameter divided by the baffle spacing,and by

' the indicated correction facto'.

.3.,____Rec.o-r-d---t-he result-as-the fir&s,-srAir,e-chap" IA:r42#441-4--the-44.14e-------------:.1--

bundle in psi.

4. Obtain the entrarke velocity from PD5 by entering with the

flow in gpm and the size of the connecSion opening.

5. Calculate the ratio or the entrance, velocity from Step 4

to the shell velocity, rrom Step 1. Divide the larger of

the two by the smaller so that the ratio7i-i'S larger than one.

Enter PD4 with'the ratio from Step 5 and multiply the factor

obtained ,by the square of the smaller velocity from Step1

'or Step 4., whichever s appropriate. Multiply this result

by .88 for qil.

7. ;Record this result as the "pressure drop through the entrance

I

and exit cdnrrection in psi.

8. Add the figures frorrt Step 3 and Step 7 to obtain the total

pnessure drop in psi through the shell side of the heat

exchanger.,

582



, ,

.

9. Obtain the prelpure drop factor ,for entering tube loss by

entering PD4 with'the ratio of the tube velectty from Step 1

to the cbannel Nelocity from Step 7. Divide the larger

velocity by the smaller so that the ratio is 'larger than on4e.

10. Obtain, the pressure drpp, factor for the entrance Voss by

entering,PD4 with the ratio of the entrance velocity from

STEP 8 to the channel velocity from Step 7.1 DivisdOtelar-g-er;.---:

?velocity by the smaller so that the ratio is larger than one.

11.' Add the values from Step 9 and Step 10 to .0625.

12. Multiply the value from Step 11. by the square of the channel
I

A velocity froM Step .7.

1 Record this result as the pres5dre drop through the enterin

and exiticonnections.

14. Add the values from Step 6, and Step 13 to obtain the total

pressure drop in psi through the tube Oe of a heat exch.anger.

After determining the individual pressure drops,the total op may

be.determined fn,order to select a pump. For example, in CSU Solar I,

he total pressfire drop in the collector loop is fourid a be ,1,47 feet

water. This was made up of the following items.

A
Ppipes

ft H2O
== (140 ft) 8.4 ft

100 ft

elbows'
(13* elbow

(6 ft H2O...

= 6.24 ft
otv

100 ft

ves
( 1

I valve)
ft 6 ft H20

AP. (12 valves)' 0.72 ft
100 ft

°Pht. 20.$ ft

,

583,
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.

4co11 9.2 ,ft

AP:filtet
2.3 ff.

A typical,pumb selection chat;t's.thown in FigWre 16:1-0.! The

pump should be selected. to.provide the desired flow rate vtliWthe pp
44dv.

calculated.
.

.. ' .

'VALVES AIR VENTS
I

.

It is very important that and aii vent's be included in a

liquid systen. The purpose of the valves is to provide for the

proper flow rate and uniform flow through the -collectors. The valves

---shou1 0 be adjusted after -the system is installed 'to insure that.the

flow rate,s1:are.close t 0-Lose required by'the design. Also, since it .1

is virtually iwpossible.to keep air out of an unpressurized sytem,

it 'is.abso;lutely essential that air vents be included in the system.

design. The air vents and valves siould be made of the same'material

as theplumbing that they connect to in order not to add to the

corrosion probleql.

In addition to the valves required for flow regulation, many

systems .(such as that illustrated in Figure 16-1) Will require some

three-way valves.t These vlves are a part of the control system and

are used to direct/ he flow through the auxiliary boiler.

AIR SYSTEMS

We will not spend nearly as much time discussing air systems

as we did,water systelis because the principal manufacturers of air

584'.
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e

irectors manufacture and sell aipmplete,system. Al $o, the major

problems'are encountered More with respect to installationthan-with

.respect. to design,

0EAT EXCHANGERS #

The only heat xchanger used in a typical air system Is an

air-toLwater heat exchanger used to provide, for saN-vice'hot water.

This can cansiSt, of a coppercoil inside the aiA duct on the -eturn

side of the collector. This can be sized quite easily by considering,

the amount of service hot water to be provided, tr'e-.air flow rate and

IC

temperature through the air dutt, the water fl(A./ rate 6rough the coil,

.and the heat'transfer coefficientlAween the air and the coil. The

equations* requirea to solve this-heat transfer problem are.:
-

10

(thcp)air gait:*

Q ) AT
P w W 4

kA
air w

where Ta and Tv, "represent th6 average air temperature andwatertempera-,

ture across and throng the co{01, and.k represents thti heat trris(ier

,.

coefficient, and A represents the area.of the coil.

The problem now is that we have more unkhawns'than we have

equations.- The difficulty is that the

.

temperature of the grater into

the coil is unknown and is a function of the dynamics of, the preheat

. tank. ft may be determined from a differentialequation fon the heat'

balance of the preheat- tai)k-. Time does not .permi.t us ,to..develop

58.5
-
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.

general parameteriied solutions to \hi s dynamic system.!s problem.

However,:since thv cost' of this heat excil nger is extremely minor

relative' to the, cost of (O'er components in- this s'ystemf and the per-4.

formance of t01e4 exchanger and service hot water preheat, tank,.

.
,

.sys.teT is not' terribly seas. -tive to the heat exchanger Aea,:it is

recommended that a standard size be used in residehtiel appliceti:Fs.

For example, Solaron Corporation supplies a standard size of 15" xl8d
.

'which 'is tSed in sys tems ,having flow rates up to,1300 CFM.
..

4

BLOWERS AND 'PUMPS

The only pumps required ina typical air system are the pumps,

required for.the seryicethdt water. Since these pumps interact with

the SPrviS._eiialszepurnasrAtherithan have
.. , ..,

. . .. .. . .

iron catings.-A quite satisfactory pump' has been found to be the

March 809:13F.

The bl:Dwer should be sized in a manner s'imil.ir to that which was
. . .

7
.

used for sizing pumps in liquid syste That the staticipressure

lost throughout the system must be caltulated based on the dpsired

flow" rates,and this is used to size- the blower.' The pressure

, .

drop may be deptermin rom Figure 16-1a which gives friction loss
1.

in straight duott for 'flow rates in the range or interestinterest for resider).-

. tial applications; The major pressure dropv i h the. system wi LL-be-2thar

.... ------------
through the'collectors and this WOui 4- ilw fa. ,he provided by the

M
. 1 4 corlector,irenuTafturer. As with the 1 iquid. system, the AT ' s through

. i
-.

.

each component in a Temp must be. determined,and the total pressure

e
drop consists of the sum, of the individual pressure drops. This' is

then used to select theblowers. . ,

I I

5 6. 4
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Itsj5,;,-i4ortlant air system that the flow rate ,required by
/n

-the 'iit.ixi,li,a"ry',Trnace be matched to that required for the. solar part
- . 111 -.

-

If:-kfle. y; tom .,( if tills' nOt the case fo'r exarliple , if the' .solar,
.zkor,/.

.part requires-a 'flow rate of 600 .alid auXil'iary furnace reqaires-
t.

tflow rate' of 100.0 am -- theli addition'al thictihg and controls, must
4 . . j % r.. I, Q .
) 7 ' 7 .. .

be provided. This ot;v1oufly increases the cost of ;the,system.
'''

( ..'

v

'

A

0I

.

a

-r

:

0 }

r

r-

J

M

\

0.6

.,



4
40.

i6-,19

. Table 16 -1. -Logarithmic Mean temperature D ifference. -Fa'ctors*

. r

STD
4-

t LTD

LMTD
.- ,

LTD

STD--
4

JD
.

.

LMTD
-4-.

LTD

STD
,.4-

LTD

LMTD
4.

LTD ',

. STD
c

4-

LTD

LMTD
.4

LTD

. 1 , 2
.

1

."2 .1. 2

'0.01

0.02

0.03-
0.04 *,

0:405

0.06

0.7
0.0*
0..09,

O.10'
0..1-1-

0.12

0.13,
.14

.0.1.5

0.16

'0.17,
0.18

k '
0.19

0;20

0.21

0.22

0.23

0.24 0

',0.506

04215

'0.251

b.277-,.
0.298

.

0.317

0.334

0.350

0.364

0:378
.. ,,,.....-_\..

0:3911

0A03
0.415

0,427
a

0.438
:.--)--fH

0.448 :
0.458

0,469

0.478

'0.488

0.`q.7

0.515
0..524.

0.533

0.25

0 }26

0.247
.

.0..28

, 0.29

0,30

0.31

'- 0.32

0-.33

340

0.36,

0:36'
0.37

x.0.38
0.39

.0.40
0.41

0.42
0.43
0'44,,

,-0.45

0.0
.0.47

0,18
0.49-

.

,..

'''.0.641

.'
.

.

0.541

0.549

': 0.558-
.

- 0..566.

"0.574:

0.582

0.589.

0:597-

...0-:61.14,

0.612

0.619
04.626 .

0.634

0.648

0.655.
0-662 -

0.669

0.6;75

.0.682-

0.689

0.695

. 0,1702

0.709

0.715

0.50 ;.
'0.51 .,
0 52 .,

42,.. 53 '.,,

0.'4 , .

0.55

0,56.. -'X0.759
,..---

-.0:57

'0.58
.0.59 ',

,.:,

0.b3 -'-'"t'

'0.61' :::
0,62

4 0.63

0.64,'

. 0.65

0.66; ,

076,3

0,68

0.69 -4.

0770.

-.0.71
0.72
0.73

,0.74 ,

0.721

0::7.28 .

0.734
.,

,, 0.740

0.746 ,

0.753--"

0.765

. 0.771,

0.777

0.7,83-

, 0.789

0.795

0.80F
0,.896

0:811

povi.,,
0.823 ..

0.829

0 A8;6

,0.846
0.848

0.852 .:
0.858

0.864

0.75 .

0.76 -,.

0.77

'0.78
0.79. ,..

0.80

0 ..817P.
-

0.82

0.83./
0.84

0.85
Q.86

0.87 r

0.88

0.89

4).90-

0.91

0.92

0:93

694 -

0:95

0.96

0..97.

0.98

0.99

04.670

0.874

0.879 .

0.886

O.

0.896

0.902

0.907

01913

41118

0.923

0.928 -7

0.934

0.939

0.944

0.949

0.955

0.959
0.964

0.970

0.975

0:979

.0,986
0.991'.
0:995 d

* Young: -' .Fixed' Tube Bundle Neat Exchangrs, Catalbg No. 1275,
s' (Wisconsi.n:,/oung Radiator9,75),. p. 7.
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Table 16-2: Surface Area*-

TUBE SURFACE (square feet)

.SERIES

,

*Type
HF-SSF-

Type
F-HP

Type

SSF

,

One Pas, One, Two & Foutliss One & Two Pass Four Pass

\
Y TUBES Y TUBES - R.TUBES Y\TUBES R TUBES

t--- .

Y TUBES R TUBES

201

202

1.5

3.0

--:- ---

___

r
---

___

--7

301

302

303

---

---

3.6

7.4

11.1,

2.6

5.2,,

7.9

3.9

7.9

11.9

2.8

5.8

8.7

.3.6'

7.2

10.9.,

4 ---
___

-=-

'502

503

504,

-.

---

18.1

27.1-

36.1

11.2

16.8

'22.4.

18.4

27.8*

37.3

1f.8'

17.8

23.9-

16.2

,25.0

33.4

11.5

23.3

-

.602

603

604

6,06

608

10

---

--- '

'----

---

26.9

40.2
-...

53.6

'80.8

107.7

. 17.5

'26.2

34.9

52.7

70.2'

27.3

41.1.

56.0- ,

81.2

. 111.1

18.3

27.6

36.9

55.8

74.5
.

25.6

38.5

51.5

77.9

104.1

-

:

.

16.6
. .

25.0

34.4

50.6

67.5

.?*

.802

803

804

805

806

807

808,,,

809

.810,

v

,,-:"

=

r

.-r-

---

---

---

---

---

---

---

---

---

---

---

---

- --

--='--

.

.

, 34.1

50.6

67.1

, 83.6

'100.1

116.6

131.1

149.6

166.1

. ---

---

---

---

---

---

---

---

32.7

49.2

65.7

,82.2

98.6

115.1

131.6

148.1

164.6

---

---

----,

---

---

---

---

...

-

-

32.7

49.2

65.7

82.2

98.6

115.1

131.6

148.1

164.6

* Young: Fixed: Tube Bundle Heat Exchangdrs,C6talog No. 1275;
. (WikQnsin: Young Radiator Cb:, 1975), p. 8.
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Table 16-3. Velocity Factors* f

SHELL VELOCITY FACTORS

TUBE SIZE OD Y-1'/4 INCH , R-3/8 INCH .

Baffle
Spacing (in.)

H

1-1/8
D

2-1/4
E

4 -1/2

A
9

H

1-1/8
0

2-1/4
E

4-1/2
A

9

200

300

.74

,.420

'1°-

.210

--:

q05

--- *

. ---

---

:472

-1

.236 -.118

-7- ---

---

SERIES' -50O .297 .148r .074 0.37 .333 .166 .083 .042

600 .244 .122 .061 .031 .279 .140 0.70> .035

800 --- :-L. -.-- --- --- .104 .052 .026

'TUBE VELOCITY FACTORS .

TUBE SIZE OD 'Y-1/4 INCH
,

- R-3/8 INCH

Baffle H ' D' E A H D E A,

Spacing (in.) 1-1/8 2-1/4 4-1/2 '1-1/8'2-1/4 4-1/2 9

200 .29 --- ,--- --- -:- --- ---

SERIES, 300 .110117' ,.117 --- .107 :107 .107 ---

ONE 500 :049 .049 .049 049 .051 .051 .051 .051

PASS 600 .033 .033*'' .033 .033 .032 .032 .032 .032

800 ---
.

---
/

. ----
.

--- .017 .017 :017

* Young: Fixed Tube*Bundle Heat Exchangers, Catalog No. 1275,
isconsin: 'Young RadiatOr Co., 1975)), p. 8.
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16-4. Presiure Drops through Filter
, "'s

in CSU Solar _1

,1

4

_ Fine Medium Coarse'

4 ,., ''''
1.6 gpm 265 s'F

.60% ethylene

glycol.
(in water)

L10

)

-

.

0 . 7or

-

0.35

,Sr:. 3'

5..gpm 87
oF

pur'e water

,.

r,

- 0,60 - 0.20

1_

0.10
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'Figure 16-5. Pressure Loss.in Various Elements.
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GLOSSARY OF TERMS

absorbent A liquid which combines chemically with
a- refrigerant

refrigerant Working fluid in a refrigeratipn system.
"

coefficient of
'performance . Ratio of heat removal rate to heat supply rate

ton of refrigeration Hdat removal aa rate of 12,000 Btu per hour
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INTRODUCTION

Space coolig is Withdrawal', of heat -from the air within a building

enclosure-to lower the temperature below that of the natural surroundings.

Various solar cooling methods and systems -are discussed in-this module,

and although methods using solar,energy are of particular interest in

this` treiningieourse, other potential space cooling methods are briefly

: 7
iscussed.

t

rt

^-.TRAINEE-ORIENTED OBJECTIVE

The objec Ire in this module is to resent the basic principles 4

and concepts of solar cooling methods for.the purpOse of designing a system.

rising a solar cooling unit. In order to test whether this objective

is met by the trainee, as a minimum level di accomplishment the trainee

shouldlbe able to:

1; Describe the basic concepts of solar space cooling and

lea

.

determine the amount of/annual energy._consuMOtion to

operate the cooling unit.

2. Describe the operation cytles of the following experimental

4
solar cooling systems: (a) lithium-bromide-water absorption

`cycle (b.) an open -cycle liquid. desiccant system.

3. Describe the operation_ of-non -solar cooling units in solar
- ,

heating:systems.-

'4: Determine the eco nomics of solar Cooling systems for specific

appfieations.

'p.

r
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DEFINITION OF TERMS '

The capacity vof ,a refrigeration machine td cool room air is

customarily referred in tons of refrigeration. A ton of refrigeration

is the removal of heat
,
at a rate of 12,000 Btu Per hour. Another often-

r,

used- 'term in connection with refrigeration equipment is coefficient

of performance, COP. The COP expresses the effectiveness of a refrigera-

/ion system as the ratio of useful- refrigeration effect to net energy .

supplied to the machine. The COP is determined by, the simple equation

43e1 ow:

.

COP =

\
Heat energy removed
Energy supplied from external sources

The COP of a mechanical vapor-compression refrigeration machine is

characteristically about two, and can be as high as four. The GOP of a

"lithium- bromide -water absorptiob refrigeration machine is about 0.8 and
o

more often operates in the range from 0.6.to 0.7. A COP less than 1 means

' that more energy is supplied to. the machine than hpat energy removed from

the room air. From the cooling capacity and COP the energy consumption

rate by the machine to produce the cooling effect can be determined by

.dfiidingt:the heat -removal rate by the COP. For example, the heat removal

A .,' rate for a 3-ton ,absorption air cooler is 36,000 Btu W. hour. With a,

COP of 0.6, the quantity of heat needed at the generator is 60,000 Btu per

hour (36,000i 0.6).

*
Rv

e
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CATEGORIES OF SPAGEdtOOLING METHODS

There are three categories of spaC4Lcooling units for residential
.

buildings. They are:
\

I. Refrigeration

2. . Evdporative Cooling

3. Radiative Cooling

Siglar -energy is directly useful in refrigeration methodsand some

F
evaporative cooling units. Simple evaporative Cooling systems and

radiative cooling are indirectiy_yea ed tosolar energy Oh that they

are dependent.upon climatic factors..

REFRIGERATIO METHODS

RefriT&atiol systems effect coo in() by removing heat from the

air it comes in contact wi,th a col ,refrigerated surface. Conven-

tional vapor-compression systems using electric motors as well as

absorption vapor-compression systems sing gas fuel heat ar, potentially;

convertible to systems, using.solar:en gy. f many possible syStems

available, only the absorption,system appear,to be'useable from an

economic view. in the near-term (next ive yeari), and of the various

types of absorption machines possible the lithium- bromide -water unit_

is current1M1977) commercially avq able for residential space - cooling

ti

applications.
q

ABSORPTION REFRIGERATION

AI

An absorption refrigeration machine is basically a vapor-compression

machine that accomplishes cooling by expansion of a liquid refrigerant under.

6p6
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reduced'pressure Jrid temperature, similar in principle to an ordinary

'electrically operated vapor-Compression airconditioner. Instead of
4

.a refrigerant like Freon in-a convdhtional air conditioner, inorganic
.-

,-
refrigerants such as water or ammonia arb used in an absorption machine

together with akabsoi-Oint. An absorbent is a liquid which combines

emically With.the refrigerant and releases the heat from the.fluid

Mi tiure' in the combination process. Two units are described in this .

.

modale, a lithium - bromide -water unit where water is 'the refrigerant and .
\

I

kthe ltrthium-bromide is the absorbent, and an,ammonia-water unit where

:ammonia is the refrigerant and water is the absorbent.

In a'mechanical vapor-compression system the compi-essor is driven

by an electric motor; thus, the energy input is electricity. In an

t' absorptign vapor-compression system. there is no.compressor. Instead,

there-is a generator where energy input in the form of-beat is used to

drive the coalingmachine. The quantity of heat energy needed by an

4. absorption machine is greater.than the amount of electrical energy
e

(heat equivalent) needed to operate an electro-mechanical airconditioner.

to produce the,same cooling capacity.

Lithium-Bromide-Water Absorption Cooler .

There are two types of lithiuM-bromide-water absorption coolers.
3 u4.

One type cools air and theother type cools water which contacts the
-

cooling coils. The first type is called an air chiller; the'seCond,

aswa,ter chil)er.

The principle of operdtion of a lithium- bromide -water system is

describea with the aid of Figure 17-1. Water is the refr'igerant and

II I
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the absorbent is lithium- bromide. The cycle begins when water in the

)iquid.mixture in the generator is boiled off and superheated with

solar energy at a temperatUre between 170 and'210 °F. The superheated
k .

water vapor passes from the generator to the condenser where it is

cooled to about 100 °F by the cooli.rig water front an outdoor cooling

tower-. The vapor condenses to a liquid and 15 then
.

revaporized through

an expansion valve which cools the vapor-liquid mixture to a temperapre

of 40 °F in the evaporator coils. .---The heat in the room air or water

which is brought in contact with the evaporator is removed by the

cooled refrigerant -in the evaporator. The refrigerant then passes to

the absorber where it recombines Wpth the concentrated lithium-bromide

solution from the generator at a temperature of about 100 °F. In this

recombination process, heat is released, arid the heat is removed by the

Cooling water from the cooling tower. The dilute 'solution of lithium-

bromide and water in the absorber, flows by gravity, or is pumped back,

to the generator and the cycle is repeated. The recouperator'in the

diagram is a. heat exchanger to make the system thermodynamically more

efficient.

Temperature Restriction -- The hiperating temperature range of the

hot-water supplied to the generator of a solar-operated lithium-bromide-

water absorption refrigeration 'machine is restricted from 170 to

210
o
r. The water temperature to the generator must be sufficiently

high to boil the water from the solution in 'the generator.' The

temperature must.be at least 170 °F. The upper temperature islimited.

to 210 °F because the hot water tb the generator in a solar system is

provided from
. -

b

torage and the temperature in storage will be less than

61:0
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the. boiling temperature of water at atmospheric pressure. Another.

limitation is the tempjature of the concentrated lithidM-bromide
*

solution which flows from the generator to-the_absorber through'the

-recouperator. If the temperature is too 1-ow the recouper5tor, and

the concentration of the lithium-bromide-water solution is high, ihe-

lithium-bromide will soTidify in the outlet tube leading from the

recouperator to the absorber. Provided the temperature in the generator

is between 170 °F to210 °F,the will operate satisfactorily.
/

System Components -2The absorption cooler should be situated close ,

to the hot water storage tank to minimize heat loss from the pipelines

connected to the tank. -A schematic diagram of a flow chart for a water

chiller inla solar system is shown in Figure 17-2. The hot water from

.

the top of the storage tank is pumped throug6_te generator by pump P-2

and returned to the bottom of the tank. Itwill be noted that the piping

connectiorj,,goes through the auxiliary boiler, When the temperature.in

the storage tank isinsufficient to operate the absorption chilleritthe

auxiliary boiler is used to proVide heat to the generator. When the

auxiliary boiler is 'used, the three-way valve at the bottom of the
1

auxiliary boiler circulates the return water only through the auxiliary

boiler. In this way, auxiliary energy is not used to heat /the storage
. ,

tank.' The pump size and head depend upon the flow rate and pressure

loss through the system and are influenced-by
1

the size -and length of pipe

connecting the storage tank to the geperator and the return pipe frothc.

the generator to the storage tank.

A wet cooling tower is needed with the absorption chipr to
. -

discharge the heat from.the condenserond the absorber to the atmosphere,/r 1 k
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The size of the cooling tower needed depends upon; the size of"the

absorption machine (cooling capacity) and the wet-bulb temperature of

the ambient afr. The-temperature of the cooling water from the cooling

tower will have a significant effect on the COP of the machine.. for

example, a drdfrin COP'from 0.7 to 0.6 can be expected ifi)the wet-bulb

'temperature increases from 75 °F to 85 °F. A pump .labeled*!3 is

heeded to circulate the dboling water froth the tower throrgh the absorber

and condenser of the absorption machine.

The chilled water _from theevaporator is circulated to the fan-coil

k unit to cool the air in the rooms.. The fan-coil unit maylbe a central

unit for the entire building,or individualized units may be used in

different zones within the building.
.

Water-Ammonia Absorptioo Cooler

In a water - ammonia absorption system, ammonia is the refrigerant
,

.,
and water is the absorbent. The systemhof Figure 17-1 must be modified

slightly by insertinga separator between the generator, anti, the condenser.

The separator is needed to prevent excessive'amounts oft water vapor

carry-over with the ammonia into the cycle. The Operating pressure
, * ,,..,. .

is greater than atmospheric,which is an advantage over the lithium-

bromide system; however, operating temperatures are greater, which is a

disadvantage. The temperatures are not so high as to be unattainable with

solar collectors,espec4ally iS evacuated or conc*trajihg.collectors

are available. As. yet, solar energy operated ammonia' -water absorptioq

systems'are not available. .There are, however, gas-fired units available

in larqtr,sizes for large buildings.

614
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- HEAT PUMP 4

AJheat pump is e devide to absorb the heat from inside a building_

,and reject it to the outside air, thus cooling a building. It can also-

be used to absorb heat from a source externalio the building and reject

it inside the building 'at..a hi:0er temperatore level to heat the building.

A typical heat p ump system is shown ln the sketch of Figure %1Z-3

?-

in the cooling mode. _ It is a mechanical vapor-compression system'with

a compressor, condenser, expansion valve and an evapbrator. Want indoors

air is cooled at the evaporator and the cool airis red'is'tributed through
.

the building. The warm refrig'e'rant vapor is compressed and heat is

rejected through the condenser coils-outs'ide the building. As a

. . .

refrigeration machine, the heart:Amp
.

is not a solar' energy related. ice.

411fr;

However, the same machine can be used fordleating which can use a solar ,

.
-

energy source.
lw

44

In the heating mode, the cycle its
-,/ r
relterseds The indoor coil-now

--,

become, the condenser, and tha outdoor coil', the evaporator. In the -heating
.

- .
. 40

mode, as shown in FigurEi17-4,_hea t;whi c h is suppllpd by solar- heated
Allik ..2

'

. d i\9! -._4C .

water or afir; is drawn into. thOrifttgerant through the outdoOf-Cojl.s.

0

The r e f r i g e r a 1 t vapor i 5 CPT pr e S S e d and COM e 1 S e d _ tO7

\

a liquid in the

. irdoor coils, thus giving up:,,theheat to the room air:: The cool O,
# . ,A : .. .

_

s

liquid is porized and returns to the..evaporator to complete the cycle.,
.

.
.0 /

..t
.

An important' facton in the Successful application of heat pumps,'
. S

. .4 A

for heating is the availability, of a. dependable, source of hekt for the

.

evaporator at a reasonably high temperature, ,If solar energy can te
. .

such a source of- supply, then A heat pump in combination with a solar
. _ __,

j ---

heatisourCe is, a potentially important system for he'Ai\ ng.

N
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o , SOLAR RANKINE=CYCLE ENGINE

Instead of driving the compressor of a vapor-compression refrigera-

tion machine With.an electric motor, an alternative Source"of power for the

compressor isa solar powered engine. Solar heat can be used to

vaporiie an organic fluid to drive a turbine. The turbine is coupled

('
.

to a compressbr of the refrigeration machine: A schematic 'drawing of

a simplified system is shown jn Figure 17-5.
-

mow -

Heat is supplied to the boiler by a Olar_collector. The fluid in

the boiler is' vaporized and the .vapor drives the blades .of the turbi,ne.

The rotating shaft.of the turbine then drives a compressor for"the vapor

compression refrigeration machine which produces the desired cooling

6
IF

effett. The vapor from the turbine is changed to a liquid in the

condenser and i pumped back to the boiler. The regenerator is a heat

*
exchanger to recover some of the heat from the vapor ejected from the

.4 .

turbine. This machine is still inthe experimental stage and is not-,

available as an operational unit, for cooling of residential buildings.

.

EVAPORATIV§. COM ING-

EVAPORAIIVECOOLING THROUGH ROCK BED

A simple evaporator cooler ,can be used to cool` 'warm air by passing

.A . )
A

the air through an air washer. Depending upon the velocity of air and
,

wet-bulb temperaturel-warm air,may be emporativelicooled to a deorr ,

. ,.
.

.dry bulb temperatuN. As an .example, outside air at 100 °F dry-bulb
1 )

temper:a.ture and 70 °F wet-bulb temperature (relativilhumidity of 22
. , , 0, -,

percent) can be coolA0 by an air washer to about 7 degrees.- However.;
. .

the r4lative humid4ty would be an uncomfortable 7 ei-cent. Strictly:
-Id

4620
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C '7
speaking, evaporative cooling is. not a solar system. However, there

is the pOssibility of using the rock-bed storage of an air-heating solar

System for storing/fluor air in the summer time as described below.

An evapora 've cooler coupled with a rock-bed storage unit is

shown inTigur 17- night air 'is evaporatiyely cooled and circulated

through thesrock bed to cool down the pebbles 'in the storage:unit.

Dul4ing the day, warm air from the building can be cooled by passing the-

air through the cool, pebble bed:

Using the design guidelines given for sizing the storage and blower

of a solar air heating system, and assuming the collector area is 700

square feet, the rock-bed storage volume will be 350 ft.3 (minimum) to

c 7
700 ft.

3
maximum), and air flow rate will be about 1,400cfm. Let it

be assumed that the rock bed/can be cooled down to 60 °F at night, and

f.

the desired temperature in the room is 78
o
F (maximum) during the day.

The rate of cooling provided this system then is deteimined by

(volume flow rate) x(air density) x (airheat capacity) x (temperature

differential), or for this example the cooling rate i-s..

(

. ,

1400 ft.3
'lbs. Btu o min

.

,

Btu

,

67- .073 TE-3 .24 7-1T-oF 78.,. 60. F 60
hr

. 26,49)
hr

or 2.21 tons. .

. .

...'

With a rock-bed storage volume of 350 ft.3 the cooling capacity

stored'in the-rocks is determined by

(volume ofof storage)(specific weight of rocks)(speci,fic heat of rock)

x (temperature difference) or,.

. (350 ft,..3)(100 x (0.21 F) (78-60 °F)- ,132,300 Btu

t.

623
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At a cooling=rate of 26,490 Btu, there are.5'hours (132,300'i 26,490)
hr _

3
of cooling capability provided by 350 ft. of/rock bed storage.

If the storage size is 700 ft.3, the cooling is unchanged at

26,490 Btu per hour', or 2.21 tons, but,the cooling capability is increased

-404.

to 10 hours. When a solar air heating system with rock bed storage is

considered for use in cooling, it is advantageous to install the

maximum storage volume consistent with - heating system design. On a

unit collector area basfs, 'Storage size recommended-is 0.5 to 1 cubic

,foot per square fodt. Thus for a, heating and cooling system, storage

volume based on 1 cubic foot per square. oot of collector is recommended

to maxim)ee the cooling capability of the system.
C-

Ev.aporative cooling is restricted to arid and semi-arid regions/with

coon nights and low wet-bulb temperaturds.

MUNTER'S ENVIRONMENTAL CONTROL'
1

A Munter's,Environmental Control (MEC) unit provides both cooling

and heating. A solar ass4-fed unit in a cooling mode is shown in

Figure 17-7. The two essential- parts of the MEC system are a drying

wheel and a heat exchange wheel. The wheels operating in combination

with a solar heater and gas burner for air drying and an evaporative

cooler provide environmental control.

Hot moist air, at say190 °F dry bulb'and 80 °F wet bulb, is drawn

into the unit acid dried nearly Bdiabaticafiy,to.180 °F D.B. and-80 °F W.-B.

by the drying wheel. The hot dry air is cooled by the slowly revolving

heat exchange wheel to 75 °F/53 °F and further cooledadiapatically,to

55 0F/53 0f by an.e;/aporative cooler and distributed in the building.

62-5.
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The drying wheel js regenerated by drawing the warm airfrom the

' room through the evaporative cooler where it iS cooled from 75 0F/63 °P to

65 °F/63 °F The eaco air removes the heat-frodthe heA exchange wheel,

o
-.-warmillg/to 170. F/ 6F.F. Part of this air is further heated by the solar

. heating, coil and the gas burner to 320 °F. Part of the air.from thd/heat

exchange Wheel is used for combustion in the gas burner, and the balance
.$

bypasses both the solar and gas heaters. 'The hot ail- regerierkes 1e

drying wheel by remaing the moisture. The airfrom the drying wheel is

combined with the unused air from the heat exchange wheel and is exhausted

,outdoors. 4

A 3-ton-demonstration model has operated at PCOP of about 0.3 with

indoor temperature at 75 °F and 50-percent relative humidity. The

contribution which solar energy makes to this system is limited by the

temperature at the solar heating coil. To regenerate the drying wheel,
-..

a high temberatdre is desirtdaand assuming that a flat-plate collector

is used on the building for heating purposes, the temperature rise across

the solar heating coil is limited to about 25 °F. The balancein

temperature rise, about 225°F, is provided by the gas burner..

iRIETHYLENE GLYCOL OPEN-CYCLE DESICCANT SYSTEM .

A system which provides -cooling by dehumidification of the air

is shown schematically in Figure 17-8.' It is an open-cycle system
. -

because it does, not require a hermetically sealed circulatio/a system to

contain a-refrigerant. Moist room air_is dehumidified and cooled by -

triethylene glyCol as the airflows through the absoeber. The

dehumidified air passes through eliminators to remove the liquid glycol

from the a* and is further.evaporatively cooled and redistributed to the

\

.628
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,.r&pms. The lquid desiccant whithRAfi4esZrough.the absorber picks up

moisture from the building air.end becomes diluted. This dilute. solution

is regenerated by an outdoor unit on_the right of Figure 17-8. The

moistyre,is removed from the glycol solution in the stripping column,

thus regeneriatfrfg, the friet4lene glycol to a concentrated rormNw[iich is

returned to,the absorEer'and recycled. At the stripping column the liquid.

mixture is sprayed *a :stream ,of solar heated atr. The heated air,
".,e

- picks up'the moist from the, plycol spray and is exhausted to the

atmosphere,. - Liquid WIc61 droplets which are/A-ried with the air stream '

acre remol by the eliminators. If there is insufficient solar' heat,.

-then in auxiliary gas heater is used to heat the air stream. Thy

triethylene glycol frorR the:bottom of the stripping column returns to the
:

absorb& through heat changers to recover heat and make the. system

-- thermodynamically ore &f f' teat:

l'A wide Aige of open ing solar heated-air temperatures is possible
. . /

.with this system, from 84'°F to 180 F. The higher the' temperature,
. , _ - . ,

however, the higher will be the COR,of the machine.
,

Kliquid desiccant open-cycle sy in loupe sizes, using

e-

conventional heat sources,'is4tommercially avAlable. Exceptjor an

experimental untt-wh.ich was studied 25 years ago,, this type of system
cyp,

has_not been actively considered for space cooling of residential

0

buildings;

0

1;



The use .of a flat-plate collector to cool water or air'by night
. . .

'radiation in thecooling season has been suggested a5,,a possible. wag,
.

-to cool of building. In principle, radiation.from_the absorber surface

.17-22

. RADIATIVE COOLING.

4

of;i flat-plate collector.' the cold night sky could cool the absorber

::sri 4ace and OnCe alsoNth ,wateft- or air circulatingthrough the collector:.

,--. The difficulty with this method" is that a good collector.- is.a poor
-..

_, .radiatorl therefore, 'using the -same collector.Which collectts soar heat
,

-1/ .
. : -

for the heating season to col water or air.in the cooling season is
.

'''.

not qActical.
\

0:

4

There are two solar houses, one in. California and the other in .

. V . .

-Arizona, that'utilize-night radiation to regulate the temperature rise
,

-.--

r-in reSidelitial- buildings. The buildings i-ta'Ve a shallow water pond on the
.

! ,,
:noof

...

with sectionalized retracting insulating covers over the pond.
'''.. 1-

,t
4

The covers are retracted at night to.cool ,the pond by evaporation and
* -- . .

radiation to the night sky. The Cover g.are' clOsed during the aay to
, .. r

. :. prevent the pond from heating. In the winter,'the insulatihticovers

.

. ...

are retracted during sunny days to collect solai- 1-ietin the pond and
, - 1 .

Clos,d at night to preservethe stored heat. At.special locations'in the
, . .

Country, this type of heating and cooking system could be used. However;-

.,in freezing climates there are obvious difficulties.

,

4

r-
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ECONOIO OF SOLAR CO ING

At the- present time, theonlY solar, cooling 5)15 t ern ,vhi ch has
...

' ,been satisfactorily and reliably.'operated is the 1 ithium-bronii'de
. - .

. absorption machine. For economic congideratiOns,stippo'ise that the
-, - .

absorptioti machine costs approximately $250Q. ,With a -Comparatively
t

,,
. highTciad factor ok_the cooling. unit, 750 sq. ft. of, col lectors_ shoyl d

.

be able to prbvide 500,Q00 Btu of useful heat per average summer day,
V

for the- removal of approximately 3E10,000 Btu of heat from the 'building

contents. 'This cooling ratejs equilialent To about 25 ton, hours of

cooling;' that: is; 3 ton for eight, hours per day. On a seasonal basis.;
-

100- day's of cool ing resul t In - total. 2,500 'ton-hours of cool ing

provided by the slar unit. Amortising the costs' of the air conditioner

in 20 years at 8 percent, with all oth r costs suc,h as the collectors,

storage .ttank , pumps and ducts being incl ded in the heating expense,

the cost of cooling is approximately $250 r year. Dividing $250 by

2,500 'ton-hours yields a cooling- cost of 10 nts. per ton-hour of "cooling.

CoiliParison..Of the cost of a solar cooling system with the cost of

conventional Coaling- can*now 13eMade. A vapor-Compression cooling unit

of 3' tont capacity, equikalentt to 'the Okbove, would require an investment

of about $1500. At a Cooling COP of 'about 2.0, 2,500 ton- ,hours' 6f

cooling reciuire ;about 3750 1Mlowatt-hodrs of .electri,c,energy. At 3 cents
4

per ,kiloviait-hour, _the tos't`of electr,icitY would ,be,$1,12.50 per year.

Adding $15O annualized cost of the" equipment,,.appfoximately $262 per
, 7

yparl woulCgrovide 2,,5,.00.top7hours of:cool.ing. The .gst per ton-hour
-

( iG
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Av

iS, therefde,approximately 1.0.5 cehts. On the .basis, of the costs assumed

in this siniple compariSon, solar coolingis competitive with conventional

vapor- compression codling.

For purpose of this illustration, electric power cost of 3 cents
, -

per kilowatt-hopr was chosen. However, 'in many parts 'of, the country
-1.

electricity costs ,art, much higher. It i- easily seenvtherefore, that

with el e'etri city.cOSts- of.3 'to 5 cents in selected parts of the country,
.if .

. solar energy for 'coolAng can be quite cdmpetitfve. The critical

assumptions made i:n this'analysiS 'were .that the poi tai`coSi. of the
a

.. .,
solar cooling unit was approximately _$2500 and the balance of the solar

. .

system is economically justified by' the. heating demand. Obviously, if the

capital cost ?f the cooling
.

unit is higher,-or-part of the solar collectorsi.
t, ,4

.
stcfage tank, and ancillary equiPinent is to be char.ged to- the:solar

. . , -4 .,

cooling system, then solar coo] ing- is 'riot competitive With 'conventional

_ systems with electricity at 3 cents. per 'kfrowatt-hour 1pr les,'.. fhe cOst
. .

. ,

.
, . t .4. . : s'of a lithium-bromtde abSorption rater chiller from one manufaCturer,is

' e , . , r "

reported to cost
.4ppr

oxiniately $6,000. If the, capital cost is ,indeet
a d. ' 1

.
{

that large, solar cooling .i's lot presehtly ecOnomical-. `'It shoUld be
, .

et - . .. ,
, h I

noted ,, however, that the high tos't in4y.bet.the..res.at of ,lciii,production.
. - 4 ,

fh

quantity. It' is likely thtt,.wi th masszyr,oduced, quantiti'es of the solar

cooling unit, the cost can bereduced substantially:. Nevertheless,
.t. ..

4 because large quantities of Solar cowling units 'are -not likely to be in
-,.._.

t,
. -

demand for at least * feWiye'ars , sole ;cooling; i.s*_ not presently an .

economic alternative.' Within the next teW years-, however, -the situation

is expected to change. \

*

Jo'
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!INTRODUCTION

TRAANEE-ORIENTED OBJE6TIVE -

. To become aware of the computer-aided design prqgrams that are

avajlablellor the design of systems that do riot fit within the material

whit

IA

h has been previously presented.

SUB-OBJECTIVES,

1. To gain some famMfari4y witliTRNSYS

2. To'gain some familiarity with.SIMSHAC.\

3. Tolearn about the Martin-Marietta/ERDA Program that

s under development.. 1
The design techniques that have been presented earlier during the

'course are based upon "standard" sIstem,arrangpments. If one were to
44

use these techniques for a situation that wei.quite different, from the

standard configurations, th4.the predi4ed system performance would

likely be in error. As.a specific example,.ifone wanted to use the

Owens-Illinois Evaciated Tube Collector in a sygtem, then some modifitation

of th erformance curves that are presented,in Module 7 is required.

As apoth r exampleYsuppose oneydshed toaue'a solar- augmented heat pump

in'a desi.gr. The design method's 'presenteti previously would not apply

to the design of such a system. In order to design various "non-standard"

, f

systems, several computer -aided design *grams have beeedeyeloped. These

programs simulate the performance ofsystems using numerical models of

specific components that may be found in solar heating and coo systems,

for buildings. The user df these programs can include the appropriate

component models to assemble a complete solar heating and/or cooling system, .

1,

A .636
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and proceed to simulate the performance of this system with particular
}

climatological conditions. Witilcomputer simulation of systems, the effect

of different control strategies can be investigated to determine varia-:

tions'in'an overall system Performance due to changes in the size or type
. .

of any component of the system. Computer simulation programs are valuable

analysis and design tools.
A

There are two primary prlgrams in this category at the,preseriftiae .

and a third is present13, being developed. The first of these programs

1h.
is TRNSYS,-developed by-faculty-and students at the University of Wiscprisii.

TRNSYS has been widely disseminated and is extensively used. The program,

a user's manual and documentation of,the program; are.available fromhthe

Solar Energy Laboratory at the University of Wisconsin in Madison. the-

program has beeiCchecked for internal consistencies (that is, verified.),

-but has not yet been validated against actual performance data for a,

solar heated and/or cooled building. The model validation process is

taking place as system performance data become available,

Second of these computer -aided design prOgralis is SIMSHAC, an
6

acronym for SIMulation Of Solar Heating And Cooling Systems. This

program was developed by Gearold R. Johnson and C. Byron Winn , and some

of their associates "at Colorado State University and has been'used in the

design of several:solar systems that have been constructed. The, program ,

1

will be re eased as soon as the doCumentation is completed. SIMSHAC, as

is. the case with TRNSYS, has been Verified-so that users may be assured

there are no programming errors. sfil addition,.it has been validated

against actual performance data of.CSU Solar House I.
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The third computer:aideddesign program, SOLCOST, developed

by the Martin - Marietta Corporation, was scheduled to be released

in 1977. SOLCOST differs from TRNSYS and SIMSHAC in thatheuser
41,

.does not have any contact with computer inputs-. The user simply

completes. a fbrm that describes the structure, the solar' system

components, and the location,and a pre-processor provides

informati required by the Aputer design ,program. The advantage

is that a p rson compTetely unfamiliar with computing can still make

, .

-use of this automated design tool. , ,

''--)kihree,programs are similar in her basic approach.' The--

details of SOLCOST, TRNSYS, and SIMHACcan.be obtained by writing

to the developers of the programs.

,

The objective of automated design tools is to provide generaliled

,

_solar energy systemsizing and simula tion programs which will be.readily'

. available and usable hyall segments of the solar. energy community.

At Martin-Marietta,Jhe'approach for achieving this objective consists

of expanding the Martin Interactive Thermal Analysi,s.System (M TAS)
. .

*
into two solar programs: ro

1

SOLCOST - A simplified solar system design method for the non- s

engineer user. The program computes an optimum colictor area

and tilt angle from an analysis of life-qcle cost differences
r

for a solar system versus a reference (conventional) HVAC system.

4' If the user needs a heating and/or cooling load calculation,

SOLCOST can compute it using a generalized thermal network,

contained to the program.

638
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SOLSIM - This program performs system simulations for Ahe engineering

user who is familiar with thermal network methods. The Plan is

to provide MITAS input decks for'a minimum of five typical

solar systems. Starting with these basic systems, the user

familiar with thermal network metho can readily modify the

input to model his. unique solar system.

SbLeeST-is discussed in this course because it relate cloSely to

-

the\timaterial that has been presented in previous modules. Refer to the

SOLCOST,Users Manual (supplementary handout), prepared by the Martin -

Marietta Corporation.

4
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IN'TODUCIION' lr

r

.-The oldest and simplest domestic use of solir energy heattng,
.

, e 3, 0 .

f , water. Solar hot water hetters were used 'in the Unite' es' afftreast

tithe rn Fl O0i4a .475 year's agoOA. , first in southerh.Califoinia and later i.,* .r . ' ,. ', e k.-4

Al t h the use of solgr w,atere-heaters "in these' regions declined during
,;- , . 0`.the last '40 years; use in Austral ia,.rgrapi,
..,

and japan has risen rapyly, ,. *- 4'

paltticularlsy in the" 14.s '15 ears.
.,

0.-

. In its simplest form, a solar water heater comprises a flat-p-T ate
_ - ,,, 4. .

0
. .

water heatinxcol lector. and an insulated storage tank positioned at 6
...: V. 0 ,. .

. higher level than the collector. These components, connected to\ the
. .. . , -.

(.01'0 wd Ler ;main arid the,hot waterdservice .piping in the dwelling, prOvi

po,st,,of' tf-jer)iot water requirements in a sunny. cl ate: Nearly all of
, * . ,

-' the solar 1\3::t water systems (send in the United States have been of this
i,

, A .4, . .

, - 40" "."'
.

type.
,--..

. l'.
4 E

aI4
,Qp ,CT I tY E S

..-
. , .

1

X

el'

- The lobjecti ves are to-,choose a particular arrangement suitablee for01.

. KO
. A a , . ) .

a given' locationfilkize the
U.

system for a given collector type'ond' hot' .,
.. °- . . ,

water requirement, instal* til,e system, and be confident of -satisfactory
. , .., (' . , :

operation. From the contents clef this module the. trainee should be...able
. . . . ...,.. ,

..,- . s: . - , :., : ---i ..
1.: Ideptify the typed of domestic hot water systems' -

. , , . ,

available,
...

-r

. 2. Select a domestic -hot water .4ys tem for a particular ..
- -.,- ,

location, and application, -.,,
1

3... Iptegrate a domestic hot ,./ater..,system into a ipa'ce
, ..

, -,,-- 2heat,, heating system
l-,*. .1,

sr

643
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.. .- :

4. Install and put into operation a domestic hot w ter system;,',

.404' -Maintain a domestic hot water system.
. , 0. _

\ A .0

Tygs AND CHARACTERISTICS F SOLAR HOT ;WATER HEATERS

', p .

Most of the solar water heaters that have been experimentally and

Commerci -ally used can be placed in two main groups: ,-*.

1. Circulating types, involving the -supply/of solar'heat.

to a'fluid circuliting through a collector ano storage
..,v ,''' 4.

of hot water in a separate tank .

. ,-.----

2. Non-circula .ng types, involving the use of water ..

containerst at serve both as solar collector and

6

0, . , s'tarage.
...,

'.

4 .

Y s

.. The circulating group may be divided'into the ollowino types and sub-types:'

A

.

li Direct heating, single -fluid types in which th# water
. .

1011.
. .

.

,
c'flfheater directly in ihe(collecior, by: .-,' !. .-

. ..

...--. , .

4

. 4
.

.....- . i

a. Thermosipftn circulationbetween collector arid.
,. t

.

-
.

.. -

'storage -
b. Pumped circulationireen colle:Illtand stOage,

2. Indirect' heating, dual- types to which a non-

,'
freezinvmedium i s circUla ed through the collector,

for subsequentheat exchange with Ift.a'ter, when:
.N

. ..

,
. .

a. Heat transfer medidhis a'non-freezing liggid

/

b. 'Heat transfer medium is air. ®

or
....... .

...
/ .

O .:).;.. a. .
.. . . ,, ,

DfREtT,HEAUNG,
t".

THERMOSIPHON CIRCULA14NG TYPE

, .

1.4

"
.

The most common type of ,solar A./Ater heater, used almost exclusively in

./

4 , r

non-freezing.climates, is shown in Figure,19-1. The collectu, usually
- , . ..

a

*:.
4

A
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Cold

Hot

Storage
-

'Tank ,

qtee 19-1. Direct Hating The rmosiphon Circulation Type qf Solar,
-Water Heater

4! singlefitzed, may' vary 4n size from about 30 square feet to 80 square..
,- , .0-

,
. ,

t feet, whereas theeiivulated storage
tank'is commonly, in the range of 40 to.,

r
.

80'tgallons.'capacity,,*The hot water requirements, of a family of 'fbur-

.persons.can 'usually be met by a system:in the middle of this size range,

'in a sunny cjimate.. ;operation at' supply line priss'ure can 'be provided if
.

-the system ls so designed. .With 'a fTaat Valve .in ihe'storage-tank or in
.. .'

.
\an

4

elevated had tank,) unPressurized operation can besutilized if the. .

system is not designed for press e. In the latter case,.graviN flow.. A
.

.

. .

,

%
.

ftam the hot water tarn,
. to.ho water faucets would have to be Accepted,, .._

.

or an automat
-

pump.woul ave...icrbe provided in the hat, wafer line to

.

-.---

;

4



t', it supply pressure service. Plumbing systems an,d fixtures in the United

, 19,4

States normally require 'the pressurized system .

raLocatiorr of' the .tank higher than the-top of thelector permits

cirCulaibn of water film, the bottom of tlie:'tank through the collector
. t
\ , -, .

, and -batk- to the to of tile. tank. The. density difference between,cold
_ .. .

and hot water produces the circulating:flOw.. Temperat'ure "stratificationit. . ..
. f , t. ,

in-,the, storage tank 6ermi is pPeriation of the ialfector under most' favorable
:-,

.. _

41111 ` 1 4
%

;condi tiops, water'-.a; the 1 oviest ava i.1 AI e temperature,being supplied`, to
. , . t. '.

. ., the collector and the highest available temperature being provided' tq'

service. Circulation ocquiss ant, when Solar energy is being received; so.
- 4ir '

the system is self-control 1 ing, The' higher tthe radiatiarr, level ; the/

eater the heating and the'mo.re rapiethe c$culating* rate will 5e. In
iirqt .

,

a typical-collector under a full sun,.,a tejnperate rise of 15°F to 20°F

.

is ,corilmOply'reaTized in a single pass through the collector.
4

-. ,-, b

s , I .

w To prevent reserve Circulation and cool i-ng of stored water when no
,

61 ar energy is being received, the bottom of the tank shpuld be located '
°

t

-

'theabove t tOp ,header",, of the collector. If the co)lector.is on a :house'
..,

. _

; roof, the tank 'may also be on the roof or ih the 'attic .space bendath a
. . - . ./'

..
/

..*
, sloping root. -

Although seldom used in cold climates,' the thermosiphon type 'if

solar water heater (siova'ge tank above` collector) Can b t rom
d

freezing by draining, the, collector. To avoids draining the stor e tank.
. t

'V, thermostatically actufFeed. valves in the lines between collector and**
, -, . ..,

0t . g

storage tank must tlpse when' freezing, threaten's , a. col 1 ector---drai n Val vee .. .. , . . s , \

, must ppen, a' col lector,. vent .vai ye, must also open . Th'e collector' will -
tf Ix- '''

..,

then drain,and air will enter the allec,tor tubes': Water in the storage,
. ..-,

tank, either inside- the heated space o1 sufriently,41: insulated to
, - --i '4` ,..

I

avoid freezing, doesibet enter th collector. during the period when
i ,, t:,

,

0 ,
1 -1

6.4 6



19-5 ,

,

. . .
, , * .ment '-fs stiown. in Figure19-24. To obtain maximum kJ tifization of solar, energy,

----....,1 ' ., --lw---;,----- --0,---,-.., ..,,, - ....., ... . , ., .' \..' 7.,

, Cold Supply .

\-

sub-freeztng- temperatures threaten. Resbinption of operation-requires

clos'ure,of the drain and vent valves and opening Of'the valves in the

circulating line. -The possibi)ity of control failure or valve malfunction
t

makes this complex system unattraateive in freezing climates.

;DIRECT HEATING, PUMP CIRCULATION TYPES

If placerfient 'of' the .storage tank above the collector .isinconveni ent

or ,impossible, the tank. may be locatted below,the,collector and a small

' pump used .fol circulating g water between col lector find storage tank, This.
arrangement snare praqical. than thethermosiphon type in the

- United States, because the collector would ofenbe located on the roof'
.

-\,.
with a' storage tank in the basement. Instead of thermosiphon-Cirulatian

whewthe sun shines', a temperature `senson actuates a small' pump which

'NNe ..ciiculateS"wate.r/thro'ugh the collector- storage loop.. A schemati-c arrange-

I

0

To licit
Water Service

(-)1
El ectri c''Hea ter ,).

-

1.

Figure 19-2: Diect Heating,-PuM0 Circulation Type of Solar Water Heater
"

.

I
4

'.9"; e

eft

- I

0,
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control is based on the difference i n Water temperature at-call ector..
. ... .. . _ i -.

4, outlet and bottom ofstor4e-,tank. '.Wheneiier thin difference exceeds a.._

pretet number of degrees, 5,ay 1°F, the'pump motor is actuated.. The
. .. . . . ,

sensor at the c°11ector'outlet must be located clo'seenough to the col-. ,
r,

lector s° that it is affected by collector 'temperature even when the
. .

purdp is pot running: Similarly, the sensor in the-storage tank should
. .. .

located ." g or the bottom outlet from which the collector, is

supplied. When the temperature difference falls below the, preset value,
. ,

.i,

.

.--'--1A

. the pump is shut .off and circulation ceases.' To prevent Tave,l'seqh4rmo' -,
. - . .-,. 3, -,, i .410

siphorh.circulation and consequent water cooltng when no soler energy is
4 E 4 : ,,

being received; a Check Naive should be loa'ted in the circulation line.

- If hot water use. ittnot sufficient to maintain storage tank .terhpera-..
Lure at- normal levels as. during several days ,of non-use),*,boiling may

occur} in the collector.- If a check valve or,prensure-redqcing valvet

prohibits back flow "froM the storage.tank into the.main;a val,ve
- -

must be provided in the collector-storage loop; The relief vaiye
.

permit the escape of steam and prevent damalge to the system.

DIRECT HEATINg, PUMP CIRCULATION, bRAINAEILE TYPES

If the solar water heater described above is used in a coltcliRrate.,

it may be protected from freeze damage by draining the col lector when:

sub- freezing temperatures are en:Codraered.. Several methods can be used.; /; .
ev t

Their aprtimon...rtquiremenr, however, is reliability, even when electric4 r, .i.4 '1 /f /'

power may not be Avtii.1,abie: Ortp method is shown-In
v../

1*

Drainage df the collector infreezing weather cab beatcotnplished

by aupyrtic valves'which provide water outflow ta to drain (sewer) and
.% 4

!it

.14
the inflow, of air td the col le'ctor. :The control system can be arranged

J

. . , , t ,
.

,St that Whenever the circulating pt is not in-/operation;
.

these two
.. ,

*.

, f 64, . ..
. / .-,
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\
, >PUMP ON AND VAL S

,
11,i

i
ADMIT WATER TO COLLECTOR ,..

STORAGE AUXILIARs/' WHEN: Y ..
i TANK *HEATEitTc ABOVE 32°F I/

/ T. BELOW 11303/4
1

I Tc 10°F ABOV.E Tvi
1 _ * ,

VENT

COLD-
SUPPLY

'

TO H.W. SERVICE

14

I * 1

.

1
, VALVES IN DRAIN AND VENT ,

.
POSITrON WHEN Tc BELAY!

,

40°F-
. 4 ,

:
.-:

ii
COLLECTOR :PUMP ,

lei
..
, ,

m) , _,

,* .
,

Figure 19-3., Sola,r Water Heater With Freeze Protection by AutornaiC Qojle-ctor Drainage
4

. t ,
.

,
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/

.
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ML

valves are open. To assure maximum reliability, the valves should,be

mechanically driven to the 'drain position (by springs or other means),,

rather than electrically, so that inthe event of a power f$ilure, the .

collector call..automatically drains.

The drainage system shown in Figural -9 -39 1 actuated by the tempera

tare sensor, T
c'

in the-collector. When the sensor indicates a possi-

bility of freezing, it can open the drainage and vent valves, thereby

providing protection, The temperature sensor can be of the vapor

pressure type, with capiliary'tube connections to mechanical valve

actuators, or of the electrical type Where the valves are held open

by electrical means, automatigially closing either when electrical

failure occUrs, or at,low tempdatures.

Another possibility for Arainage of the collector is based on use
No

of a non-pressuriztd collector and storage assemblY'as shown in Figure

19-e Afloat valve.in the storage tank controls the admission of cold -

water to the tank, and a pump in the hot water distribution system can

,furnish the necessary service pressure. With this design, the solar

collector drains into the storage tank whenever4the pump is not

operating, as air enters the collector through a vent.
.

Start-up of any of the-tiented.ollector systems must ptrmit the

Adisplacement of air from the collector. In either the line-pressure

systeni or khe uressurized system, the entry of water into the,

collector (from the shut-off valve or pump): forces air from the

collector tubes as long as the vent remains open., The vent valve

.
. .

design can be of /a type wlich'automatically passes air but shots off

when water reaches it.

V
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AIR
----VENT

PRESSURE PUMP
,CONTROL

rS

BLADDER
EXPANSION TANK

TO H.W. SERVICE

STORAGE
TANK

ON WHEN Tc IS AT LEAST 10°F ABOVE Tw

OFF WHEN Tv, IS ABOVE 180° OR WHEN Tc

IS 4i0T AT LEAST 10°F ABOVE T:

PRESSURE
PUM P

_
Figure 19-4. Unpressurized Vented Solar Water

Heater System .



CIRCULATING TYPE, INDIRECT HEATING - .-

As can be inferred from the above discussions
.

otneeds and means for
, ....-`N .

collector drainage in freezing climates, costs and hazards are involved
. , , -

with those systems. The drainagereciuirement cipbe eliminated,by the

. .

use of a non-freezing heat transfer medium in the Solar collector, and'a
...-

heat exchanger (inside the buOlding) for transfer of heat from the solar

heat collecting medium to the service water. The collectorzieed never

be drained, and there 'is no risk of freezing and damage. Corrosion rate

in the wet collector tubes is also decreased when intermittent admission

of oxygen is not required.

Liquid Transfer Media

I

Figure-19-5 illustrates a method for -solar water' heating with 'a

-

liquid heat transfer medidm to the solar collector. The most commonly

42,

used.liquid is a solution of ethylene glycol (which is common automobile

radiator antifreeze) in water. A pump circulates this unpreSiliriZed

solution, as..in the dirfct water heating system, and deliver& the liquid

to and through a,liquid-to-liquid heat exchanger. Simultaneously,'

another pump circulates domestic water from the storage.tank through

the exchanger, back to'storage. The control systeni is essentially the

same as that in the clign employing water in thecollecior directly.

If the heat exchanger is located below the bo-tm of the storage tank; .

- and if the bipe.sizes and heat exchanger design are-adecinte, therm-
, .

y % I .

-' siphonci-tculation of waterqtlirough the heat -exchanger can be used. A ,

t
_ , .

small expansion tank needs be ,provided in'the'collectUr loop, pref-

. , .

,
.

... 4

,

erably nearl:Ahe high point of theAsystem, with a vent to the atmosphere. .

...

,1

/
To meet most code.requirements!, the hea-teexchanger must beofa'

A/

design such that.rupture'ar corms on failure will not permitOrow from
is"

)

of
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ALE WALL
*HEAT
EXCHANGER

COLO

SUPPLY.

OPEN WHEN PRESSURE IS
10 PSI ABOVE SUPPLY .

TO H.W. SUPPLY
1.

CV PHEN lc IS10°F

ABOVE. T
w

Figure 19-5: Dual Liquid Solar Hot Water- Heater

. .
. .

.

. . .
,

the collector loop into the domestic water,, even if pressure on the water
-- A .."

side of the exchang&tdrods below that on the antifwe-side. A'con-
,

,e-- veritjonal tube-and-shell exchanger would therefore not usuallyibe
I ,

.

:=---__-: ,-
.

acceptable`. Similarly, k;g114 inside the storage tank:ktiliough which

the collector flqici is circulated, would not be satisfactory._ Parallel .

. .

tubes with metal- bonds between-them, so that perforation of One-tube

)

,

could not result in liquid entry-intothe other tube, would be axsuitable,'_
,1

design.: A finned tube 'air-to-liquid heat exchanger could aj.o be usld by-

coiitulating the Iwo liquids through Alternate rows of tutes, heat transfer
,

.

.

,

.

q 0
.

:1:ing by conduction through the fins.

. .
. 0.,

. k. .

Although aqueous'solntions of ethylene WycOl ./nd'propylerie glycol
-_,-

--5,

:appear to be most practical-for solar endrgy collection,.organic liquids
V . - / k

15
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" t
such as Dowt herm 0 and Therminol 55 may be *employed.. Price and viANosity

"""'

S
or&19-1? .

arillidrawbacks, bpt chemical stability and assuranCe,agaiRtt
.

A
r

\-advantages over the antifreeze mixtures. --.

Solar Collection in Heated Air

Ift a ratifier s5mi1arfito thit'describ'ed immediately above; solar energy

can be employed in an air heating collector with subsequent transfer to
.

domestic water in an air- to -w 'ater heat exchanger. Figure19-6 illmstrates

,of.(at
4

i method forrOmbloying this concept. A solar air heater is supplied wyh

air frowirdloWer, the air is heated by passcie through the collector,

and the hot air is then cooled in the- heat exchanged through which domestic

water from a 410krage tank is either being pumped or is eircul'ating by.

temosiphon action. .Air from theheat:exchanger reciiculaled to the

collectbr. Differential temperature control (between collector and stor-
.

age) is employed as i the atber systems' described,, Advantages, of the, air

.

.

AIR HEATING
COLLECTORS

DUCT COIL,
HEAT
EXCHANGER

. .

.
(:)1D ,

SUPPLY

STORAGE

TANK

4

TO H.W. SERVICE 4
6.

'

ON FOR Tc 10F ABOVE TW

OFF FOR Tw ABOVE 180 °F

'Figure 19-6 Solar. Hot -Water H)ater 'with Air Collectors

r 656
G.

r

r
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transfer mediurfl are theabsence of corrosion in the collector loop, .

1'

freedom from liquid leakage, and freedom from boilip and lois of' collec-
,

for fluid. Disadvantages are the larger conduit between calebtor

- 0

. ' heat exchanger, hg 'power consumption for .circulation .and
-

,
-19k,

Of- larger collector surface require-ments.

?%

. NORCIRCUCATING.TYPE

,'V

' 'AlthoUgh probably of l'ittla potential -interest in the Witted States,
6

'a the of .sol.ar water, heater extensively used. in Japan involves heat

,
': sollledtion and water storage in the same,unit. The

,
most cpmmOn type

,-.. . *
comprises a' set of black plastic, tubes about six inches' in diameter arid
.,

)

N 4; gt yeral *feet long i nta
.

glais-gyered' box. Usual ly cmlinted tily a tilted,
.

1 9,
position, tUe, tubes are .,ail led each morning with water: in which

.fr
.-' ,

.

solar hedt is collected throughout the day.. The filling can be,4,ccom-
.

.

..-. -
,-.. ...,#

-pl ished' by a fl oat=contrql led, valve and a- small' supply tank. Lett ins

the 'day, heated water can be drained from the tubes fdr household
o .

I: In t3/piCal Japanese installations, -non=pressurized hot water

k

. thus frs'ovi ded 'Not otS from the system i s sUffi c en

that hot water is usually not available until several h

16.

,5

Ac4

AUXILIARY }{EAT

use

service.i ss

high at' night

uI\s-Aafter sunrise.

0 .V; . t J . i
''? /

.

A dependable supply of hot water _requires the availability of
---.."

, ,

%

'aUxillaryiheat for supplementing .the Solar source. -The Aumerous methods

0.
_ . \ A

*, .cif *viding a'uxiliat:y4rmai viry in cost and effecti veness. A .general
, At,

,. ,. :, ...
, . - -s4 -- . ..--..

principWfor ffeximizing solar supply and minimizlng abxiYrdry use ,iS
.

i i
1.

the 4pidance ,of,direct- or indireCt ami iary heat inppt to _the fluid "'
11 , ;

" 6i

's

4, a.

.

.7

b.

4

A
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entering, the solar.collector'. If auxiliary heat is added to the solar

hot water storage tank; so that the temperature of the liquid supplied
.1 1 y

to the collector is,increased'above-that which only the solar system- .

- "4

wo011d provide; efficiency is reduced betause of higher heat losses from
0

4
the collector. Thus, auxiliary heat should be added at a point beyond

(downstream from) the solar colreciorstorage,s'ystem. figures 19-3 a;nd 19=4

shOw a conventional gas - fired hot`water heater being supplied Itith hot

water from the solar tank (0h#never a hot water tap is Opened). Any.-
;=.t

deficiency in temperature is made .up by fuel in the thermostatted convent

tional heater. Alternatively,,a."fgst response", in7lineheatgr can be

' employed. -It is evident that auxiliary seat Stipp* In these designs

"cannot idverselraffect the operation of the solar, system.

Another way in which auxiliei.y heat can be used' without reducing solar

collection efficiency'is by electric resistance heaters in the Upper portion
%

Of the.solar'- storagetank, as shown in flgure 1,9-2. Temperature stratifica -.,

*tion inthe tank, accomplished by bringing cold water: from the-main into

,

the bottom and by circulating throLigh:the collector from the bottom Of the

tank to the_ upper, portion of the ank, thereby prements.auxiliary, heat

from increaSing the temperaturer lithe 'ster suppljed b3 the collector.".

, ;
,

Waiter returning from the coileCtor
°1-

nought into the tank well below.

the level'of-the resistance hgater(as shown bythe'dashed line);lo-that'.
. .

s- always-available at:the .eherMostatted terverature. In
,

tine hot s

eftgct, the' two to ks shown Figures 19-3 and 49-.4 are.,combjned into one,

- = .

with,:temperatbre stratificItion'providing a seAration. -The total amount

1

of storage is, of course, reduced-upless the,one tank is inciOased size.

(If:relatiklely:high temperature Water is d , there may be an undesir-

, ,. , ' ,,,,
.able influence of auxiliary supply on colle r effigiency because ofrsome .

. .

.- .'' .
. 7-

,s.

.

mixing in ttletah.
, -

658
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Although the description of the above sygtems refers to direct

circulation of water through the collector, the same factors apply to

the systems involving heat exchange with antifreeze solutions or air

_circulating through the collector. In all eases, auxiliary heat should

belbpplied downstream from the solar, storage tank, regardless of whether

the, water Itself is circulated through the cbllector or whether heat is
(

exchanged between the domestic water and a solar heat transfer fluid.

LOCATION OF-COLLECTORS

. .
0

.

If the slope and orientation of a_roof is-suitable, the most econoD1'

., ical Jocatdon for a solar collectoF in a residential water heating sutem

is on the south-facing portion of the roof. The cost of a tructure to

0 ,.

support the colleetdr is, 'therr eliminated,ond pipe or duct corm ions

,to the conventional hot water system are usually convenient\ In new

dwellings,-most installations can be expected on-the house roof. Even
-- it -

in retrofitting existing dwellings with solar water heaters, a.suitable:

roof location, can usually be provided:

If the mounting of collectors onthe,roof is impractical, for any of

several reasons; a; separate structure adjacent to the house may-e used.
.

Aaioping platform supported -on a suitable foundation can be the base for,
'.,

\\' ..t 4e Pumps, storage tank,-and heat exchanger, if used, can be

ocated inside the dwelling. Effective insulatitn on ducts'and piping

must be provided, however, so that'cold weather operation will not be
. --. ."-0 '

,

'handicapped by excessive heat losses. 4n,cold climates, collectors ill

Whieh water is dirAY,heated must be locatedso'that drainage of the .

i

colleaor,andexterior piping.can'be dependably and effectivelylaccoMplfshed.
$5 A 4

%

%

4.
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II TEMPERATUR

.

RE STRATIFICATION.IN SOLAR .HOT WATER-TANK-
. , I. :,

-,-

, --),

As in a conventional hot water heater, the temperature in the dpicer.
.

, ' , , - -
.

.; part Of a solar hot water tank' Will normally be considerably higher than

at the bottom:, ,The lower density of hot waer permils this stratification,
. .0. -,___ ,- ,

... provided that terbUlence at inlet aneoutlet conneCtitns-is not excessive.
, \ ,

-The supply of relatively cold water frok the bottom of-the tank to the

- collector permits the collector.to operate at tshighest possible effi-.

ciency under the prevailing ambient conditions. With a circulation rate
,

such that a temperature rise through the toflector of 15 °F to 20°F occurs,

.

the lower part of the storage tank is furnished to, the collector for
e s.

. e.
maxi omeffectiveness. If not much hot water is withdrawn from the tank ,

during a sunny day, the;: ate afternoon temperature at the bottom of an ,
.--

-----

.,.
80 gall&I tank connected,to a 40-toe50-square-foot collector may be well.,
.

. ,. *
.

abbVe 100°F -- even apprda ng. the temperature in the top of the tank.

0,

0 n,

.

,..,
. .

.

:-.
types: of systems, whether direct hdatitp of the ,potablewater. or' indirect

.) .,
.

'heati ng through a heat exbhanger, a tivermostatically controlled mixing'
.,

C:llection efficiency thusorartes throughout the day, depending not only
0

ori'-salar availability but also on the tAperature-of water supplied to the.'

Collector froM the tank bottom,

TEMPERATURE CONTROUCIMIT

. in'Odition to the differential-temperaturekontrol desirable in mosI
.

. . ,

lsolar water heating systems (which. senseemperiturt difference between
. . .

,

collector and storage), protection against exceisive water temperature
. 0 .

-"_,may be necessary. *Several pdtsible methods can be used. In nearly. all
.

.

.

valve can be used to provide constant temperature water for household use.:

.

47 egt
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Figure19-7illustrates'ohe meth by. which this type-oftemperature
. ...., . 7 .

9..
....

chtrol-ca.n be.accomplished. Water ts admitted to the hot water
4t 414 '

,

line iMmedtateTY downstream from the auxiliary heater in sufficient .. i

.0 ; , ,

., a

e

es.
4

dr.

1/4

. '

proportionto secure tie desit"ed preset temperature. The solar hot
, .

. , - .
,

' water tank is allowed to reach any temperature attainOle-i and the,.

.
-1-^.-auxiliary heater furnishes addition- al energy only when the auxiliary

... ".. Alli , !-

tadks-temperature drops below the thermostat set point. :Miximum solar
1,

heat delivery is thus ,achieved, and no solar heat needs to be discarded
- ,

except that which brOht sometime0e.delivered when the main storage

(preheat) tank is at the'boilinikpoint; Any additional solar heat'col-
..

lected under that condition.would be,dumped through a pressure relief
j

valve; 'Steam escaping to the surrdundings. Figure 1'9,5showsan optiohal

,sed6sd:mixing valve' for control of delivdry temperature byadmitting'
,

'regulated amounts of solar heated water into the flow!frop'the auxiiary

dr

heater.
g.

A

Cold supply
B1 p.w off val ve

f

Not water.

service-

1.8

A*: s

.

4

'Figurelr-7. Direct Solar Water,Heting with Mixi44Valye'

a

114'

'Z1
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t

steam vent froni the solar -hot water system involving.a dual Liquid'
4te

des ,wi,:th heatexchange, should normally be in the hater loop
.

,rather than the. collector lodp. Loss of ,collector fluid by vaporization

is thereby avoided.. It is necessary, however, in this design, that the
.

11,ectorI tubes associated.piping be capable of withstanding pressure

o - at least as high as 'developed when thelteam vent valve in the storager-
.

, . .
.

loop it Aactuated. ,'If, for example, the blow-off valve in the storage
so , , :, 4

i. circuit s set for 50tpsi, and if -the collector loop containing 50 per-
. n

,cent ethylene glycol normily 'operates qt a temperature 20°F above the .
,,, ; .. i-

storage tank temperatje, pressure i n she collector r loop 'would, al so, be Av

.

about.5'0, psi when the ,storage, tank vent i,s actuated. (Approximate
-

, -1 ..equal i ty of pressure is due to similarity y between boll i ng pot el evation
,

_ r...-= ....
N .

a'ndtemperature difference in the heat exchanger.) .

An alternative to the high pressure collector capability described
-,,, -. '', -

,
, .

a
.., 7- iss available in the form of an organic heat transfer fluid having

-e i r lei, . .

a-high boiling point. Downtherm J or Therminol 55 have boiling points

above 30°F, so if one.,Of

pressure in thkeollector

these fluids the d velopment' of
.

140 would notpccur, even When the "storage
. ,

system is ventillg steam at 50 psi . Th liStion appears ,9opsiderably Alone
r .

c c a,1 than, thel,press,uriZed coil 4 withrequired wth-aqueousi systems'
.

if the' dual -111quid-des'igli is 'utilized.
r

\,1----' , :

. , Still another option for higli -temperdture protection is
.alable if 0qi,

_ , . 1 ' - ), , #

. the collector is'used..ds 'a heatbr, for a high-boil i*g organic liquid or '.
.. . .

for -air. To preVelit
,,.

thb storage tank from reaching a tteMperlture. higher
t

$.

than desired, a-,ltniting thermastat,.4n1- that. tank can e used simply to
,..

. o. 1- . ,
,

. , ...< di,scontinue circulation. af the-heat transfer fluid (organic' liquid or air)
. . - . .

thrtough the' con. ectoi and 'heat :exchanger No -addi tional heat i s, thereforcir
. . T , - ,

di ss i patedi,i4i _the fopri of coil ector', heat loss. The conector temperature
,

4

;;;.
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rises substantially, frequently above X00 °F, but if proper* designed,.
IP

the .collector suffers no damage. Tbis"sysem is prObablf the safest and-t , .

most de endabTe of those herein described. With a i-eliable limit switch

1-

in t e storage tank, there can be no dangerous pressure develo6ments
*

,anyWhere in the system. In addi Lion, there .i s no ltiss:lof, water em the

form of steam) even when- there is no'use of hot water for..long periods.
,

If the hot water/cold water mixing Valve downstreain from the,
. .

auxiliary heater is not used,..a temperature limit control in the solar

storage. can be-set at the' maxi Mum :desired telnperaiure 'Of service hot

.1

water. Wa er f`eforegcannotbedelivered at any temperature higher

-- than the set poinrin,the solar. storani. tank'or the set point in the
,.;

auxiliary ,heater, whichever'is higher. Less _sorer storage capability

.would be involved in this design, °however; because the solar storage

-
tank is pr&ented tronch,ievipg higher temperatur,e, .even when solar

energy is available.

Ina direct.-tYpesOf solar Water heater operating at' service presure,

.. .-

with potable water cirpulating through t 01:lector,' a venting valve is a 0

-. \ , , -
,

peovided near- the top of the*c.olleetor It would have to be set for
-..

release at A pressure° several po'unds higher' than the .maximum in the ser-

iiee suhply,.so the _collector storage system must withstand pressure

usually abovel0 psi-. dccasiOnalwatel- loss through venting of steam
.

.

would be expected. .

. r

It a -7ion-pressurized direct type of solar water h ter. is used, With

. .. . . , ,,
a, float valve in the storage tank, the pf-es4sure rellef valve can be set

.....

. . '4. , .-/ , 1 ,

to operate,at a Assure= only ,sli,glitly aboVe atrgosplia)rj.' Alternatively, .; -r, ,,,. 4 , .. %. .

the collector or stOrage tank mayi be continuously vented,. OversuPply of-,,...,
. .
. ;' .

,

. under-use of solar. heated 'wtter resl is -j n boiling.. and venting of' the
,

the

storage tank. .

... .e., ;
.

/... . -

.
..-...,, ,...,.



cent dffference in the solar heat supply to a hot water'systeM. In the

wirkter, for example, anaverage recovery of 40 percemt of 1200 Btu of

solar energy'Per squae'fpcit of iloPtlig surface. would require appr'oximatel'y
.

s.

.*

a

*
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PERFORMANCE OF TYPICAL Y$TEMS

GENERAL REQUIREMENTS

V

A typital, family of four persons requires, in the United States,

about gallont of hot Water per 'day. At a customary, supply temperature

of ab ut440°F, the amount of heat required if the col4 t 60 °F

is ab ut 50,000 Btu per day:

4

here=is a wjde' variation in the solar availability from region to" ,

region and from season' to season in a particular locatiod: There. are

also the Short-term radiation fluctuations .due /to cloudiness and the 1 ,

day-night cycle.

Seasonal variations in solar availability-result in,a 200 ,to 400 per-

100"squ'are feet of collector fon the -50,000 Btu average,daily requirement.'
, /- , s , .

.. ,

Such a design would provide essentially all of the hot water needs on an
, ; ir-

average .winter day, but Wolld. fall short .on, -days of fest .than average *
4

sunthine: By contrast, a 56-percent recovery of an average summer radi

supply, of '2000 btu per' squard foot would -involve the need for.only 50.
..

, -*

squaie ;feet .cif. collector .for 54tisfying the average 'hot water reqUireMents.
. -

. ,
. .., .

.

".. 6 It is 'evident.that f a 5d-square-foot collector were installed, t
, ,

i

, -- , .^ .. ; ,.

could supply th'e major part,cperhaps nearly a,11, 'of the summer hot water

,

requi reNerits', -but. i t, could .supply l ess than half the winter needs . :If ,:.. .,,,* '.,'

, .

\
. .

on theother.hand, a 100-square-fOot collector'`, employed in:Order
4 .

.

that winter needs could be more nearly met; 'tbe system'would be oversized
,

. -

for summer operation and excess solar heat _would have. to 13-e7wasted. Ih ,

, . ,.
.

Such Orcunistances, Af an aqueous *collection medium were used, Alibilig cif

664.
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heat in the winter season, when nearly all'of it could be used,(bui'
o
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,

.

the.system would occur.and collectoeor storage venting of §team would

have to be provided.
.

The more important disadvahtage of. the oversized collector (for.

summer operation) isthe economic penalty associated-with investme

in a collector which is not fully utilized. :Alhough the cost of the

100-square-foot collector would be approximately double that of the 50-

, 1

square-foot unit, its annual useful heat delivery would be considerably

less than double. It would, of course', deliver about twice as much
4

.

in the other seas , partsicularly in summer, heat overflow would occur.

The net effect of pese factors is a lower economic return, per unit of

investment by the larger system. Stated another way, more.Btu per

dollar of investment hence cheaper solar heat) can be delivered by the

smaller Stem.

As a conclusion to the above example, practical design-Of solar

Water heaters should be based on desired hot water output in the sunniest

months rather than atsome other; time of year.. If based on average daily

.
radiation sin the sunniest months, the unit w411 be-slightly oversized_

r ,

and &small amount of heat will'be wasted on days of maim solar input.
4

.And quite naturally, on partly cloudy days during the seasok some
. a

auxiliary heat'aist be provided. in the month'of 10west average solar

$1,.
,, ,

energy delivery, typitally one-half to one - third muas cli-solar heated

'water can be' supplied, or,actually the' same,quihtity of water but with

temperature increase above inlet Only one-half to one=third as high.

Thus,'fuel.requirements for..41hcreasng the temperature of solar 'heated

-water to the desired (dermostatted) level could inVolve one-half to

two-third of the total.e4rgyneededor hot water heating in.a.mid-
.

winter month.
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QUANTITATIVE PERFORMANCE'

.20

19-22
qt

.
/

Although hundreds of thousands of solar water hea ers haie,been used

in'the'United5tates and abroad-, quantitative perfo alice data are extremely

.'imited. In households whe1e no auxiliary heat was,/used, the solar system
4.

probably supplied hot water most'of the time, 6,mt failed dpring bad weather.
". /

If booster hea was used,, hot Ater was always ailailable, but the relative

t

contributions_ f solar and auxiliary were seld0 measured.

Ih a few research laboratories, particularly in Australia, some_ana-

lytical studies'of solar water heater peeformance, confirmed in part by

experimental measurements, have been performed. More recently, analytical

studies'at the University of Wisconsin have been carried out. Table,19-1,

based on an Australian study, shows the performance of'a double-glazed,

45-squar*foot solar wateneate in several regions of the country.

Variable solar energy and ambient temperature throughout the year result

in 1.4 to 2.5 times as much solar heat supply to water in summer than in

winter: alimatic differences produced d solarheat percentage ranging

from 60 percent percent of the annual total hot water requirements.
r .

f

Ta6109-2 shows mo ly performance of the same.systeM, in Melbourne,

Australia, with average oilection efficiency varying between '29 and 40

percent of incident radiation. VariatjoOri inlet; outlet, and ambient

temperature in 6 typical thermosiphon type of solar water heater is shown

in Figure'19-8.

In a' simulation' study at theuniversity of'Wlsconsin, hot water

:usage was 'programmed:for a itypothetical..resUdntial User. ThexesultS

m show only slight variat ion in solarlhea/ utilization it several use

schedules and indtcale only, minor influence of storage temperature

-stratification pn.collector efficiency.

1'

4 I

660
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Table 19-1

Daily Means for Twelye Consecutive Motths of Operation of Solar Water Heaters. at Various Localities
r.

is

Location Adelaide Brisbane* Canberra Deniliquin . Geeilong Melbourne Sydney,

,Hot water discharge** (gallon, US

Electrical energy consumed kWh)

Cold. water temperature (°C)

Hot water temperature (°C)

Energy required to heat water (kWh)

Hedt loss from storage tank (kWh)
---*,

Total energy consumed (kWh)
..

Sol4r energy contributed. (kWh)
..

Solar energy contributed ( %)

Solar contribution best month (%)

Solar, contributibn worst month (%)

Ratib best to worst .

-54.2

3.5

17.7

58.9

,.9.8

2.2

12.0

8.5

71.0 .

99.0

47.0'
2.1

54.6

2.5

21.6

56.4

8.4

1.9
. 10.3

7.8

76.0

94.0

57:0

, 1.6

1

51.4

3.4

12.7

58.4

10:3

.2.5
12.8

9.4-

73.0:-

. 98.0

43..0
.

2".3

50.9

2.5

16.8

60.3

9.7

2.5

12.2

9.7

81.0

100.0

57.0

.1.8

5Q.4

3.8

15.9

58.7

9.5-

2.2

11.7

7.9

67.0

-92.0

45.0

2.0.

.

;.

.

54.6

4.6's

16.1

57.4

.9.9

1.9

11.8

.7.2

61".0:

95.0

38.0.

:2,5'

53.9

4:4

16:6

57.7
9..8

1.9

11.7

7.3

6,2.0

70.0

61::0

1.4

. * Ha11. screens suspAded above the absorbe-rs. No orreCtion made for reduction of absorilorng area..

"k 4 Water di,scharged at 6:00 a;,,m.. daily. ": li r
.

, .

) .

Double- glazed, flat-brack, 45-sqUan..-tfoot solar collector tilted 'toward equator at ,

latitude angle plus 2.5 degrees.', 'Storage" 84 gallons, (US). Thermosiphon circulatton.
s ,-

Electric avxil iary. heat.
.., . ,

. , r ....N. !
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Table 19-2
_......

Solar ,Water Heater Performance. in Melbourne, Australia.
..%

.
. . - ?

.'

Month

,.

Meah

Insolation
on Absorber

''Mean Daily'
Supplementary

. Energy.

Meippaily
Solar Energy
Contribution

Sy"s tem

fE vficieney
. Btu/ft? day , kWh Pe'rcen t lt,lh Percent

t.

January

February ,

March

April'

May

June .

July

August,.

September,,

Octobet

NO vemb.e r

I) December

9
,

0.5

2.6

5.2
.

. 6.2

7.7.

8.1,

6.1

.4.9

3,9.

3.7

-3*5

..

.

.

,

75

%,.5'

. 74

. 52
,

47

39

', 38

56)

59

67

6Q'

'12 if."

8.9

9.5

7.4

.

.5.6

.5.5

4.9

5.0

6.1

'3.1.

7.9

7.9

9..0

s

.

40
1

'

32

3.8" ,

.

34

32

30

29

30.

N

32;

32

38

1630
.

2220 /
,

1690- .

1240

1290."

1.220

1290

1530'

1,600 '
1860

480.

1790

_

Year 1610 4,6 al ,.'s 7.2 /35 .

L

.

A.

N
t

4*

ey
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'

EPI.---
1A1111I A

r-
r BIR B t R

, INLET

25.°F
6 Tmax

11111
AMBIENTBIENT.. ''

sil .

10 '11 4) 2. -1'3 14 1:5 16

TIME OF DAY hours

4r
-Figure 19-8, Absorber and TankTemperatiires re Thermosibhon Flow',

During a Typical-Day
A,

In summary, the normal output of well-designed_solar water heating
*

systems ban.be roughly estimated by assuming apProximately 40.krteht.

collection efficiency. Average mo

Ivor 'area' a nd: 40 petc-ent delivery

-

ly solar radiation Multiplied by

efficiency can movide- a rciugir mealure2

, of daily, ox monthly Btu delivery. 'The total 13-tt requirements for the .hot
- .

water supply, based on the volume used and the temture increase set;
.

"
%

.:

.then serve the basis- for computation of percentage contribu&'n from solar

and the pOrtion required to besupplied by fuel', or electricitjt.. I 4

V.,

Sizin N Collectors
,

.title

curves shown. in Figure 194,94;V-4...ljled tb "e.simat.p the, solar

.1ctor siie. required Tbr hot water service inres'identiaj bbildin'gs having "
.".

typical hot water ,Systems. The system is assumed to bevpumPed liquid Vp$,

.

670 110044:.'7
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with liquid-to-liquid heat exchange , delivering hot water to scheduled

.

residential uses, from 6:00 4.m. Aitilmidnight. ,The shaded band represents

results of computer calculations for eleven different locations in the

United States. The cities included in the study are lioulder,-.Colorado;

Albuquerque, New Mexico; Madison, Wisconsin; Botton, Massachusetts; Oak' ,

Ridge, Tennessee; Albany, New York; Manhattan, Kansat;'Gainesville, Florida;

Santa Maria, ,California; St. Cloud, Minnesota; and Washington, D.C.'
4

The hot waterloads used in the computations range from 50 gallons per

day Tgpd) tb 2000 gpd. The sizing cuipes are approximate and should,

not be expected toield results clOser than 10 percent of actual value.
,

1.0

tv 0.8
ca.

0

0

0 0.4
,

0

0.2

Tilt ,' Latitude

January polar
Radiation on o Horizontal
Surface, 8Tu / (f12)(cloy)

L= January Hot Water Lood,
, 8Tu /day

00 102 04 06 -08 1.0 12
tjA/L

14 1.6 18 2.0

4

Figurel9 -9. Fraction of Annual 'Load Supplied by Solar as a function
1 of January Conditions for Hbt Water Heaters
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The vertical axis shows the fraction of the annual water heating

load supplied by solar. The horizontal axis shows vaiues/of the para-

meters,R.JA/L ,which involves the avdrage,dail January radiation on a

-horizontal surface, R.. the required collector area, to supply a

.certain percentage of the daily hot water load, L. he January average

daily total radiation. at locations in the United S teS' can be estimated

from' the radiation map inrFigur,e19-10. Values on the map are given in.

,8tu/(ft2)(day). The curves are not applicable f r values of f greater

than 6.9.

It-should be remembered that thd service Ijgt water load will be
II

nearly constant throughout the year while the solar energy collected will

vary from season to season. A system sized f r January, with collectors

tilted at, the latitude angle, will deliver h'gh.temperature water and may

even cause boiling in the summer: Onthe other hand, a system sized to

meet the load IT July will not provide all of the load in the winter'

months. Orientation of the collector can partially overcome month-to-
.

month fluctuations in radiation and temperature.

4 Sizing; Examples

ExaMple19-1. Determine the approximate size of collector needed to

provide hot water fdr a family of fotir in a residential building in
.

Kansas City, Missouri.

Solution: The average daily (service hot water load In

January is:

L=80 gallons/day x 8.34 poundsigallon x 1 Btu/(10(°F)

:x (140°F -`50°F) = 60,048 Btu/day

'Thedesired.service water temperature is 140°F and tiieteMperatuce'Of the

cold water from the main ist50°F. ' The total average solar radiation, ff,



Figure 19' -10. Average
Daily Solar Radiation
'(8tu/ft2), Month
of January



0 19-29

available in JanUary, frpm Figure19-10, is 680 Btuper square foot per

day. For a water system to provide 60 percent of the annual. from

Figure 19-9, FiA/L.is about 0.8. 'Thereforei"

. A, = 0.8 x LjiT = (0.8 x 60048)/6p0 = 70..6square'feet.
,

.

Ifc3-by-8-foot,collector module; a4 available, 2.9, units would be

required. Three collector units should therefore be used'.':

Example19-2. Determine the size of.collectorineeded to provide hot

water foe a family of four in Albuquerque, New Mexico.

Solution: The Onthly load Will be approkimaely-the?same

I

as in Example 19-1:

L = 60,048 Btu

From Figure39-10, Hj = 1115 Btu/(ft2)(day). For a system to

provide 60 percent of the annual load, Figure14179 shows that

FJA/L. is approximately 0.8. The collector area required is:

A,= (0.8 x 60048)/1115 = 41.8

Using 3-by-6-foot collector modules, 2.3 aiits would be required for this

system, :either two or three modules should be Used. If two modules are

-used, the system would be expected to provide less than 60 percent Of.the

annual load.

COSTS

The cost of installing a 'solar water heater (exclusive of the hard-
,

mare) may range from'about $300 for a system with 'a roof-mounted collector

to over $1000 for a collec'tor mounted on a stand adjacent to a house. In

a.recent procurement of several types of solar water heaters for ground

Mounting next to existing houses, an electric utility company spent $1500

to.$2000 for each system, including hardware, and totally installed.

67L)
40,
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Nan-freezing Collectors of about 50 square feet, 80-gallon water tanks,

''' ...
pumps, fans, and controls were included.

.

. *
.

A' solar collector manufacturer has- announced the availability of a

solar water heater "package" having a retail price of $995. The package=

consists of a_40-square-foot drainable collector, an 80-gallon storage
. t ss s s. 1

. tank, pumps, and controls. Installation and hook-up to the conventional

. 9

system are 'not included.

As designs are-standard zed and manufacturing volume increases, it

may be be anticipated that the total installed cost of an average -sized ,

residential solar water heating system will be less than $1000. Assuming

,a collector area of about 50 square feet and a reasonably sunny climate,

this unit should be able to.deliver at least 250,000 Btu per square foot

.
,

of collector .per year, for a total of 4'2.5 million Btu annually. With an

averageNdaily fequirement for 50,000 Btu of heat for hot water, the 18

million Btu annually required could be two-thirds solar. If electric heat

4z

at five cents per kilowatt-hour (about $14 per milliOn Btu) is.being

replaced, an annual electric saving-of about $175 is achieved. A $1000

solar water heater could thus pay for itself from electric savings in

about six years. 'Or, if conventionally financed at 8-percent interest,

an annual cost Of interest plus principal of, say,12 percent, or $120 per

year, would be les/ than the electric savings by something over $50 per

year. This favorable economic comparison for solar water hers ish

,

applicable. now in many parts of the country and should pi-evail very
A ,

.1k

-generally in the neXt-few years.

.4

1 . .

4

,

. .. ..
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Zs

.4. TRAINEE OBJECTIVE

.

Thegiodective of this Module is 'to bring together the design prbcedures

r tr
that fiavfrbeen presented during the previous sessions and integrate them

,
.

i

p. . ,
.

nto a complete design. At the end of this mbd1.06. the trainee should be
.

. '. .

able to design b6th air and water 5stems.
--)

. THE PROBLEM

i ..

i The .problem to be is:-t-he design of.a solar system,to -. .-
.

providespace heating and service hot Water for a residence to be located
.

,

near Boulder, Colorado. The house is characterized by IJA'F 900 Btu/hr:°P_

'and .the service hot water load is 80 gallons per day to be raised from .

.52 °Fito 140 °F, A liquid system is to be otnstdered. The collector

k
parameters' are F,4-ra 6.77 Btu/hrft2 °F.'

.1

DESI'ON'PROCEDURE

e.
The qesign 'procedure was outlined in.Module j4. However, we wish to

consider an additional-step in the design process: That is, we:want to
t't

determine the optimal mix of solar and energy conservation measures.
1

.
,

Assume the following conditions: the cost for auxiliary fuel is

$12 per million Btu and itA4expected to increase at 10 percent .

,... . ,
(,

per year; mortgage is for 20 years at an interest rate of 9 the

collector area-dependent'system costs are to be $16/f.t
2

, and the system

fiZed costs are $5000. . Finally, assume that we'can reduce thebui.4iing

UA in increments of 100 Btu/hr
o
F according.to the following cost schedule:

4

660
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ICC

U; 4 Reduction- Fftiii,hr °F
, t ,

500 to 800 " d
800 to'700

700 to-600.

600 t6 500

500 to 400..
o

b

4 ,

Cost fin $
tfe

$1000
t

-1500

:2Q00

2500

3000

The. f-chart prograffi was used to determine the economical investmejAt .

.'
that should be made for energy. conservation in combination .With the '

,

solar system. The objective was to minimize the' present worth of the

yearly total costs'with the solar system and energy-conservation .

,, . A , - .
.

,
/

The results from the first computation with no investment in energy.
.

i

conservation are shown in Table 20-4. From this table we see that the

optimized collector area Is 95.1 ft? the solar system 4wil 1 provide 77.8

percent of the annual. load, and the present myth of .-the ,early total

. costs with and-withdot solar are $39;446 and $53,438. respectively.

The effect of decreasing UA by 100 Btu/hroF may be determined- by

adding $1000 to the system fixed costs and repeating the analysis.
.

This results in an optiMized collector area of 855 ft2,,- providing 77.4
s

percent of the annual load, and present worth values of $37,495 dnd -$53;932

with and without the Solar system respectively: We' see from these results
-

'that- it is. economitally Skifintageous to invest $1000 in energy-conservation
'----- , '

..
t \

. ','
measures to decrease the building UA from 90Q to 800 Btu/hr °E. Therefore,

.
we 's houl d 'consider a further reduction '(in* UA: With an 'addi tional . cost of

. .. ......,

- $1506 to achieve a further reductiok by 100iiitu/lirfe9F, the optinitzed area
, * ,

' is 761 ft2 which provide's 77.6 perCent,o$ the annual load, and results in
.

'present worth factors of --$36,135 and $49,927'. From theSe results it Is
'

f

681,
r

4
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apparent thatita further, reduction in UA is in order. A:reduced UA of
.

NO

600 Btu/hr. F resulted in' an optimized area of 668 ft ,-providing.

78 percent of the annual Toad, and present worth factors of 5-,365,and-
,

,

.146,421. Because the present worth with ,the solar s'ystem is' still ..

09

decreasing, additional reduction in,PA of 100 Btu/hr °F, for an addiiaonil
. , r

cost Of $2500,was considered. The analysis resulted -in 'an.optimized

t collector area of .86 ft2, prO'vidinIg 76 perce t of the annual load, and
. .

....
,

pr6ent,wortb 'factors of $35,192 and

in UA of 100 RON'.
o
F at an increase in cost of $3000. resulted in an.,

Optirnized"coilector=area, cif 515 ft-9 ': providing 80,..9 percent of the annual .

0 *

-At

load and-present worth factors of 135,638 and $40,911. i

nally, a further reduction

..Altholigh the present worth

is still decreasing, the system

A191.,

Of yearly total costs without -solar
I' 9

With .sorar is stll less expensive than

the system without solar. Therefore it is clear that the bui1`4 should.- 0
,

.
;include energY-conservatfOn measures at a total cost of $7000 aa d_consider

A 9

.
&solar system with optiinal- collector area .of 586,ft2, The results &AV

.. -

_ . .

.
.

the analysis are summarized in Table 204..
v.

,
,..-

.

. Assuming the collector flow rate to b6:0.02 gal/min per square foot , 7
. _

of collector,.* flow rate, through the collectors should be abOut
)

12 gallons p6 minute. The" pressure drop ihrough the collectors,.

nes, fittings, and, heat exchanger, must now be calculated in order to

,

size the pump.. These calculations may be 15erfOrmoOrby reference to

Figures 16-Land 16-2 (for the system sdhetitatic), ,to figures 16.:4,and-
' a. ,

.

16-5 a)cOlate.pressure, dyopS inlines a.nd fitting3),:to Figures 164

thiough 16-9 (to determine pres'sure drop in the collector- storage' heat

.1- . .

,

- - .

exchanger) ,, and to Fi gyre 16-10 (or equi va 1 ent ,, to -sel ect 'the pump).
. .

A

.
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Table 20-2. SuMmary of Economic Anal

01.

is.,

WI' .Energy
Btu/he.ft

2

-

Investment in
Copservation

Measures, $
,

.Solar

Collect or

Area ft
2

Percent bf
AnnualLpad
Supplied by
Solar

Present Worth
/

With
Solar;

$

Without
\:, -5dlar

$

900 0 _II' 951 , 77.3 39046 58,438

800 , _ 1000 855 77.4 37,495 53,932

700 25D0 761 77.6 36,135 49,927

600 4500 668 78.d 35:365 , 46,421

500 7000 586. 79.0 35,192 ' 43,416.

400 10000 515 80.9 -, 35,638 40,911

. . .

/ ^ l . . ' .
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V
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20-6

AIR SYSTEM

,411,

Siippose that an air system had been desir'ed 'rather than a liquid

system. If the parameters which describe collector performance are

the same as for the liquid system, the results would remain the same.

. That, is, we Auld want 586 ft2 of collector. Consequently, the

storage should tontainapproximately 293 ft3 of 3/4" to 1" washed

Jocks. The rocks should not be more thah 35 percent fratured,

80 percent 3/4", with 'a minimum amount of fines. *The rocks must

be clean and free of dirt. The storage container.shourd be

constructed according` to the die'graM shOwn in Fi-gbre 20-1. -The

depth of the rocks shOUld be 5.5 ft, the length-should be

8.9 ft, and the width shouldie 6 ft.

The.system schematicHs shown,in'Figure 20-2. The main,blower

shoultivdeliver approximately 1172 Om)

The ductwork, as indicated in Figure 20-2, should be sized for

low static pressure drop to minimize electrical power requirementS.

The recommended sizing requirements are that the flow velocity, in

the ducts shoUld not exceed 600-800 feet per minute. Figure 16-11

may be used to-determine the duct size required to meet these'

specifications: The ductwork'shald be insulated witji at least

1 inch of 2 -lb. insulation, and-turning vanes should be used in all

elbows. All joints must be carefully sealed to/revent aid leaks.

The system is shown schematically in Figure 2 -3. The service hot

water system is shown-in Figure20-4.

I

(
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COLLECTOR PANELS

2( 20 z. 2O)
.MANUAL DAMPER" "

(SLIDE -GATE)

DOMESTIC HOT WATER
- PREHEAT COIL

18 x 15

-VENI TO OUTSIDE

D-I (14 041
MANUAL DAMPER

(SLIDE GATE)

AIR.
'HANDLING

UNIT

GAS FURNACE
%,

WITHOUT 'AIR CONOL"
STANDI:3\e HEATING

690
,

D-3
MAN. DAM.
(SLIDE.
GATE)

t
S. A. .

HEATED
SPACE

R.A..

BD-2 8D-I
20x 12 20 xI2

F t LT E
20 x 20

-\
figure 20-3: 'Air System With Air Ha9dler
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,.Structural and mechanical considerations for-home construction as

- -

well as for the solar system are cussed,in this module along with the
,

. .

scheduling of sequential and concurrent activities for installing,

solar heating and/or cooling systemsillreW home construction.
,

Undoubtedly,
$ 4

standard or simplified critical path schedules, which are used in this

"module,are.used by .contractors only for construction ;ofof large building

'\-projects. NeArtheless, two example schedules for constructing typical
\

'homes are presented as$11ustrations,and-items related to the solar, ! '

.

---
, .

Systems are discussed with respect to structural and mechanical considera- .

Ions. If attention' is not given to the sequence of assembly, Strength

of'supports,and tails of connections, unnecessarily difficult-

situations could result when systeMs are installed..

OBJECTIVE

The objective in this module is'to familiarize trainees with

important items in'coffstruction and sequences that should be followed
-,

for installation of solar systems in new.homes.

CONSTRUCTION SCHEaEFOR,A TYPICAL HOME"WITH
AIR-HEATING SOLAR'SYSTEM

PART 1, -BED STORAGE

The initial steps in the constn&tion of a home with an air- heating

sola'r system is'shown in part .1 of a construction schedule which is

Figure 21-1. The buiTdilag contains a basement in this example, and
A

the principal solar system component incljded im this phase of

696:
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21-2

construction is a rock-bed storage unit located in the bae@ment. The

construction activities concerning the pebble-bed storage'unit are

identified by,heavy lines in the figure.

10

Permits

Fees Site

EngringoWork
START (1)

Structural Base
f Storage

Insulate
St9rage

,Fabricate
Container

Place t

TeMperature
Sen'Sors

I
I

Trenctf Pour
I i

Excavglik for. Concrete Basement Fill

ic,pasement Footings Footings Wall Storage

V.)
r0

,Figure 21-1. Part 1 - Pebble-Bed Storage Fabrication.

J

4

rloor Frame

Girders ... Floor

The structural base for the rock-bed storage unit shmild be con-
.

structed dui-ingthe'foUndation,work of the building. The concrete 1-

base on which the storage bin, is to be constructed should be scheduled

for pouring along with Vie concrete footings:} If the storage cbntainer

walls are to be concrete,.the rock bed can be located in,the corner

of the basement to utilize common walls. If the container is to Abe

'

fabricated of -wood, thewalls'and insulation can be copstructel prior.

- , 0 placement of the' floor girders- and joists:
OP

.

The recommended rock'dePth-in a StorAe bin Is 5 to:6 feet.,The
. ,

'-- 0 weight of rocks is approximately 100 lbs/ft3, .?0, so the weight, of

:rocks on the foundation slab will 1)&500 to 600 pounds per squar foot;

and the woight'of the container anethe bond beams in the rdtk bin must'

.

be .added. Assumirig an additional 160 lbs 'loading on ttie foundatioWslab,

. .
,.

the total load could be tOrmuch as 700.1bs/..,ft,2 . A concretesla6-at,

lk
,

least 8 inches in tMckness,reinforced 4rith wire mesh,is recommended to

support, the load. 60? ..
.4 ;A

, 0

%).

a
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The ducts connected to the top and bottom plenumsof the rock bin

should be a-diffuser, particuldrly to aid the flow of air from the

rock bin into the ducts. Because air flows in both the top and bottom

ducts are bi-directional ; a diffuser is needed on both. Without diffusers?

some portion of the rock bin, particularly if the box is rectangular,
A

may not be effective for passage of air, hence for stoning and reclaiming

the'heat.

fabricating a rock box, it is i4tortant.to consider the lateral

stress exerted'by the box on the sides. Considering a natural-angle

of repose of one-inch gravel to be about-40°c t4re iould be as much as

1500 pounds of force c4 each'linear:foot of wall with a rock depth of

6 feet. To support these.internal rock.forces.on the walls of the box.,

steel rock tieswithin the box at one7third.depth and again at two-thirds.

depthshoul4 be used. Without the tie, rods ,Tithe Walls of the' box could

expand with the force, and the joints could crack, and air and heat'

115sges could occur.
.

. . %
,, .

Rocks must not be dumped inIO the storage bin, because of the tie

rods in the box, and also the rocks' could fracture into smaller pieces
.

and clog the intenAiceS of the xock bed. A tightly packed rock bed'N'

yeads to greater pressure drops toicirculate the air through storage.

The placement of temperature-sensors for the-control system and,.

if desired, for monitoring purposes, is a simultaneous activity with

I the filling of the rock bin. It is not practical to install sensors

afterkthe gravel has been place0.in the bin.

.11

PART 2, COLLECTOR SUPPORTS
,

ThesuppoPt structure for'solar collector modules panels may be

the'vertiCal wall .of the building or the roof trusses or -rafters. A.

-

698
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schedule ih igure 21-2 assumes that colleCtors are to be placed on the

roof, but may be revised as necessary for attachment to the external wall..

The sp. inTbetween Toof t sses, or wall studs, should be convenient

for e'type of'col for to be.used in the solar system.

The weight of flat-plate solar collectors can vary considerably,

t a typical collector-might weigh 5 to 6 pounds per square foot.

When collectors areplaced on the roof, the added load is a ;consideration

to the design of roof trusses-. Although the pitch of most roofs will

be steep, snow and ice loads should not be discounted in sizing the

roof truss. In addition, the steeAr pitched roof will be subjected

O

to greater positNe and negative loads due to wind forces_ fn areas

where high winds are possible, struatura3 designs of the roofs should

\Sconsider these fa tors,
a

Fabricate
, Col 1 ecto-r

Supports

1

I,

Frame and

1 Sheathe .A

Frame External

Fl oor ()Sub fl ()or Walls

1

1

Set Roof
:Trusses .

Sheathe

on Rafters Roof

-Figure 21-2. Part2- Collector Support Construction

Roof
Felt

Time can be saved 'in mounting collectors if forethought is given fb. .

tonvenient placement of purlins and-nailers. There should be space

provided, for manifold air ducfs in theattic which 'will cross the
V ,

roof trusses, .Because roof trusses are largely p0-assembled, they should
,

.

,
, .

.
.

---- be made up with,pross-pieces that will support the manifolds. 4,...,

.4 .

99
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.t
k

The placement of manifolds is at:the convenience of the. designer. The

guideline to follow is to minimize lengths of large sizes tO minimize.

..cost, bUt at the same time, greater pressUre drops in long lengths of'small
1

, ducts should.be avoided.

PAT 3, INSTALLATION OF.COLLEtTORS, PIPING, AND CONTROL PANEL

'Installation of collector modules can be scheduled simultaneously

with the roofing and flashing as shown in Figure 21-3. The.tollectors,
4

fn most instances, will,replace the roofing, and :should be rendered water-
,

tight with cap strips of the collector array. °
N "

For hqpvycollector modules, a mechanical hoist such as a fOrk lift

may be needed for installation. Although detailed instructions may be

'provided by the manufacturer for assembly,of collector modules, consider-

<able attention should be given to effect air-tight-joints at all duct

torinections.. Air leakage into the collector array can cause excess heating

)

of the .rooms because the quantity of air leak into a system must also

flow-out Of the system', and usually that occurs through the dampers that

control the. flow of heat into the rooms. Ultimately, the heat flows out-.

doors from'the rooms:

The preheat tank and plumbing connections to the air-water heat

exchanger can be scheduled with other plumbing in the building. The

heat exchanger,whichis in the duct connected to the, collector manifold,
c .

will be instilled with the duct work., All plumbing,should be leak-tested

after installation.

.

, If the control, panel for the solar system is a separate unit from,

spy the ,air'handler, the installation can be Scheduled with the other.
4, )

tough elec'tdcal work. The Tontrol panel should be located close to the
"4.

V,
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#

solar sisteth for.con4enience of wirings system checks 'and maintenance

purposes:

Roofing and flashing

Place Collectors on*SUpporttructure
Control Sensor in Collector

Frame Rough

Roof Internbl Rough Plumbing ,Basement Back fill Elec-

Felt artitionig 'Plumbing Leak-Test Slab Ba nt tricity

I Preheat, ,

DHW Tank
- <A, ....../

Heat
Exchanger
Piping plo

Central
Control
Panel

r.

Exterior Windows
and Doors

.' 4
1.-Figure 21-3. Part 3 - Collector, Heat Nchanger.and.

Control Panel Installation

PART 4, INSULATION
. c

Insulation on Oping and ducts can be.applied follVng;leak-tests-.

Insulation shOUld dover valves'-as 11 aspeyiping. Loosely wrapped

insulation may' allow air circulation and perefoee not effectiVe:

but tightly.wrapped insulation reduces the 1.iickness and is therefore poor

practice. All ducts and pipes, whether they are flexiblg or riciid, should

be insulafej.
.

PART 5, CONNECTING THE CONTROLS
.

.
. .--

'Connecting the control wires is virtually the last activity in the- 1,

installation of the solar,system before'the systemiis checked out. 'Usua/9/ i `'

701



211i

the company that proyiaes the control unit will have full instructions for

. .

making the connections.

t
itr

r Rog % .Leak-Test
. Sheet Collector
Metal Loop

Piping .--

Installation
and

0AInspectionloe

4
4° 1

Heat
1 Transfer Duct
Insulation/and I

Inspection.

P

1 1

1 1

I

,

1

Collector Duct
Insulation and I

e?Inspection

1,

House

Insulation

. 1 I 11

'Collector aad I
I I

4.
. 'Heat Transp,grti

1Duct4, Dampelksi
1 1

Blowers, Heat Leak-Test

Exchanger of Dieting

1

1

1
Exterior Windows and Dogys External Siding

1

1

1 Auxiliary
Furnace

Instal 1 atio

Figure 21-4. Part 4 - Application of Insulation
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Drywall

or Platter

Siding

Caticiriets

and
Vanities'

Interior
Finish Finish'

Flooring oc5Carpentry

2178

I /

I Finish
Plumping

Install

Appliances

Interior Finish .

Decoration.

External External Gutteesand External Final Grade .

Trim Paint 1Downs. outs tip Concrete and Landscape

Figure 21-5' Part 5- ConneCting Controls

PART 6, FINISH THE HEATING SYSTEM AND,FINAL INSPECTION'

After installation is cbmpleted, the sysiem.should be tested to be

0 Sure that all modes operate as desired, that is,'the dampers are open or

shut as they should be-, and the blower 'is activated properly. If necessary,

jumper cables can be used across terminals to check out the system.

If dampers do not close firmly, there will, be leaks -into the flow loop,

and when cold'air is mixed with the warm air, considerable temperature

degradation can take place.' Although heat may not be lost from the system,

lowered air temper'atures can cause the auxiliary furnace to operate a

larger,portion of thetime than is actually necessary. Connections to

the arm5of motorized dampers may.become loose with time, causing dampers
_

tnotto close properly'. Frequent checks may be necessary to insure proper'

closure: .e
fi

7e3
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Punch
Finish . List- and

Heating 15Touch Up

'Final grade and Landscape

N.

Final Insption
and System .

Check

it

c

Figure 21-6. Part 6 - Finishing and Final Inspection

CONSTRUCTION SCHEDULE FORA TYPICAL HOME WITH.
A TYPICAL LIQUID-HEATINGSOLAR SYSTEM

PART 1; WATER STORAGE TANK * \

,,..

1,--
The structural base for the thermal storage unit' is- provided when

\

the concrete is poured for the footings. A thicker concrete slab than a
, ..

normal basement floor 'shouldsbe prepared for the storage foundation.
.

.

, ...//
.A prefabricated tank is recommended for the storage vessel Which should

o.
1

k ,

be placed on the base before thA floor girders' are assembled The
...

storage tank should be provided with apOropr 'forfor pipes and

.

the control sensor. Depending upon the type of storage tank, the bottom
,

insulation'should be installed before placement to eliminate extra Work

later to insulate the tah,

START

Storage

Structural Base'

Permits .Pour Place
Fees , Site ,Excevate Trench for Concrete~ Basement Storage.
tngring Work Basemento(i)Footingssoo Footfng WW1, Tank

Figure 21-7-.' Part 1 Storage Tank Foundation
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PART Z, COLLECTOR' SUPPORTS

Normally the rafters ar the supports for the collector array;

however,.special sup ts may be required for, some installation's. When

rafters are tO support the collectors directly, some preplanning will

reduce the labor costs to assembleand'secure the collectors. Normally

'collectors dr ountes 'plywood sheathing and the,collectors are secured

,by bo through the plywo

Ple manifolds are nor ally placed.aldng the top and bottom of the .

collector array. Provisions for easy access, not only for installation, but

also for maintenance,should be provided because replaceMent of flexible

connectio- ns between the collector outlets and the manifold is a common

,maintenande itenl'and, a)though replacement is simple, it can be made

difficult with restrictive access.

Collectors mounted on flat roof's will,require supports to tilt the

collectors at a desired angle. The supports should be secured to the

rafters,and open collector supports should be closed in to prevent wind

drag and snow drifting, both of which will add extra loads on the roof.

Considerationshould be given to place the bottom of collectors off the roof-
,

surface by 12 to 18inches for nstallAions in regjons where there is

heavy snowfall, because as the snow piles up'at the base of collector-s, the

absorber plate can be shaded; unusual snowfdirl removal may be .advisable.

N

,Fabricate
Co l rector
Support

IQ

Frame and 'Set

Floor Frame Sheathe Ext Roof Trusses) Sheathe

Girders Floor Subfloor I s
13

oY Rafter) Roof oc)

I

.Figure 21-8. Part 2,- Fabricate Collect6r Support



PART 3, COLLECTOR IN§TALLATION.ANO PIPING ,

Oollectors.should'be carefully inspected before installation. Broken

glass, improper seals, absorber plate conditions, and bad plumbing fittings

are easy to identify. There is.anadvantage in placing liquid collectors ,

tightly together side-by-si.de'to minimize side heat losses from each collector

module. When this cannot be done, insulation between the collector modules --
. .

should be used to reduce the side heatlosses. After the headers are connected

to the collectors, they should be leak-tested., Replacement of flexible

connections, or tightening of joints,iis siest during collector installation .

and before cap strips are placed ove collector joints.

Rough pluOing for the solar system is scheduled With the normal house

plAing,and the control.%risors can be placed along with the rough__

plumbing., Thtfilter unit, all the valves, the heat exchanger, puMps,

and an expAsion tank should .be installed in the collector loop and

the entire system leak-tested.
Place

Collector
on Roof and Storage Control.
Connect to Piping Temperatbre
Manifolds n Connectionf censers

I
I I

I

1 Storage
its

Roofing Leak-Test
and Flashing Filling looleak-Test

Storage

I
I

/

I
P .1

Frame
I 1

Interior
1

Rough Plumbing ' Basement
Roof Felt 43 Partitions Plumbino Leak-T s

Preheat and
'I OHM Tanks 1

1

1 PiFfilgto 1 Leak-Testof- 1

Equipment Collector

?)Room Log,

Ij ,I
I

4
ollectorand

I ..Heat Transport neat

r ' Pipinq,Pwops,' transport

Valves,etr
7

frak-lelt

I I I

1

, Heat
I

.
Heat

I

I Exchanger 'Exchanger

26
and Piping I Leak-Test

Figure 21-9.. Part3 - Collection Installation and
Piping
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PART 4, INSULATION AND AUXILIARY BOILER

The pipes in.the 'solar system should be innIated to minimize

4 heatlosses, and tbe-insulating must be done before drywalling. The
.

- storage tank, heat exchanger, and the expansion tank, asowell as the

valves,shoOld be well insulated.

A

ExterioriWindows
and Doors

Back Fill = I Rough Rough

Basement Electrical Sheet Metal

$.

Control
Panel

Exterior Sidin

I-

!

Auxiliary,
House Boiler
Insulation lnstallati r = 011

Storage
Insulation

Piping
Insulation

Figure 21-10. Part 4 - Insulation and

Auxiliary Boiler
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PART 5, PREHEAT .TANK AND CONTROL-WIRING

.

The control panel-wii.ing is the final item related to installation

: of the solar system. -It is recommended that initial tests-b-e-rude of

the solar system and final inspection and tests be made after a short

period of system operation.

Exterior . Exterior Gutters and Exterior Final Grade
Trim Paint Dovmspou z, Concrete and Landscape _

Finish
Floorin

ti

Interior
Finish finish Interior Finish Pirti sh Punchl i st Final e
Carpentry Plumbing Decoratin I ectri cal Heating Touch-Up Inspection®

I

I ., I I

I I I

I I I
Control Install
Electric ppl iances

I I

Cabinets
&idan i tyK5

Figure 2r-11. Control Connections
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INTRODUCTION

R

. ,
The solar systems that are described in other modules' ofthit

.

Manuag are cost-effective systems thk have been installed and operated.

Olt' dData obtained from experimental syst in icate that they function;
. 4 4

satisfactorny in residential buildings. Fluids, that are heated by,

solar energy in flat-plate
.

colleetons are sufficiently high in tempera-

ture to heat space andthOt"Water antoprovide the hot water to drive

a atisorptibn cooling machine, Although efficiencies of the systems

vary, they are general* about 30 percent and, while such aReffiqiency

Y -_ .

i s . c t o r y, f i tsatisfa, 1. c, rt imivved-by-better.compOnents at- lower a-

',-Q

energenergy co,st,.the improveme areotort&hile. A numllerpf new featimesy
A , .

-

and compOnentsof'systeMs are being researched and many could improve , ,

. Tp., r,
. , ,

.system performance significantly. Flat -plate collectors can be imp'rov'ed'

....

,, . ,.

with selective coatings or.redAsigned to .provtde greater efficiencies in
.. c

,.. ,. ..
heat collection. 4StOrge witrhClatent heat materials:couldpravide(

greaeerheat dapacity in,more compict space, and storage forligaid. -

. . - . ° 47

systems witflrdirect contact heat 44driger to eliminate
,

som haHware /
,,.

' -
-TOTJTa'impreve9 sys em performance. If ail-- conditiontng equipment usjnfi \

. . , ...

?
,,, V ,- ,

'. solar-heated air co ld be developed, t aWheatingssolar system could
11 '

be used throughoUt the Yea'r for heating ani.coolinig. Thee and many
, . ,

.-, / . ' N. 4'.
0416-.futur& prospea* are-in store forsOlarheapng'and.cooling Systems.

/9
Y. - ft,

. .

,
c

- 9° ;

OBdE Ti4Ef r. lae S P

.% /' f " " a 4

1 3a
.° ,

This mOdUle describe some pro pective /features and components in
. $ ,

# ,

sL , ..._

solar heating' ani cooling systems that Goulthimprove overall system
_

t

performance. The objective of the trainee is' to. know some of the new'

.
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features that could become economical to add to the systems des6ribed in

this course and-to recognize that considerable research and development

effort is being devoted to component hardware in solar,stleating and cool7,.

ing systems.
. 111,

SOLAR COLLECTORS

the most important component a solar_system which could improve

performance is the solar collector. Improvem'nts which will increase
0

, -

efficiency of ,energy. cplledion and. reduce the delivered costs;-are'

practically worthwhile. Among" any interesting possibilities are the .

addition of selective surfaces to absorbers, and collectors with the air
.. _

, *I
...,.

e, vacuMold from around the absorbr plates to reduce heat losses and

improve collector efficiency.

"SELECTIVE SURFACES,'

Selective surfaces have high absorptance of solar radiation 'and

.1&-Iemittance of Oong-Wave radiation, There are a variety of selective

surfaces tittit could be used on flat - plate' collectors, and some are being

tested on experimental units. Several coatings such as copper oxide

and black nicS% have been available for a long time, but technical

problems and cost have limited their use. Black chrome appears to hold
- _

\

, some promise and some flat-.plte collectors are presently, available with
.

such absorber coatings. Characteristics of some' selective surfaces are-

listed in Table,22-0. ,

' .

e

A* .
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Table 22-1

Selective Surfaces Characteristics
.

---Coating.: Absorptance
.

,

Emittahce
.

,Converted Zinc .,0.90 0.071

Black-Nickel-, 0.88 4
, 0.066

'Black Chrome 0.92' : 0.085 --

EVACUATED TUBE COLLECTORS

Evacuation of the air around the absorber plate ig potentially a

significant improvement in solar collectors. There are a number of

differ.ent designs that are being assembled and,tested, and at least one

manufacturer makes them in moderatdoquantitieS. Evacuated collecto rs

aif'prOduce mOreusefulheat than standard flat -plate collectors under.

the'sime sun and weatOr conditions because thelosses from geabsOrber

are greatly reduces. With surrounding the absorbers, conduction

.

zr

0

,

and convection losses,-are effectOely nejligible.and,sif the absorber
t °

.
. ,

.

,coatinOs a Selqtv, p surface, the radiation loss i.s small. .

,,,..i-,.. . _e
.

, . .

One destgney CornihgGlaseWrks, is shown in Figure 22-1.
,:' ,, .,, - ,

. 'i ,

Insideqn evacuated glass tuha whTth. isjour inches in diameter is a, c

copper absorber plat with: -a selectiie surfaCe.' Bonded to the'pjate
A

is a cdher it-tube which carries the heat transfer ;fluid. The ends

of.fheqube protrude through one end of the glass tube,and the absorber

plate is free to expand toward the other ehd. The efficiency range of

the cbTle va t.-6 from about 75 percent When ,the inlet fluid tempera-

,t: ,

-.ture is 1 60 perceot, when the fluid Owear the'boiling

temperature .of wAer. Most flat-plate collectors have high efficiency
.

.

,---,

with low inlet flu temperatIres,Ipt have low ?fficiericies whep the

. . . .

4 fluid temperatiN is near 00 °F: The evacuated tube collector has a .

,. ;,,,

. %
. 0,

.4 714
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MOLDED PLASTIC MOUNTING
WITH MANIFOLD TUBES

11*

3/323 INCH.THICK
PYREX GLASS TUBE

ABSORBER SUPPORT
CLIPS

1/4 INCH OD
-COPPER TUBING,

1/32 INCH THICK
COPPER ABSORBER

PLATE

4.11.1.1

4 INGRES

6

---3.44 INCH

ft

Figure

SECTION A-A TUBE
CROSS SECTION

ABSORBER SUPPORT
CLIPS (6/ABSORBER)

5/8 INCH
TUBE SPACING

MOLDED PLASTIC
MOUNTING.

A

C-

TYPICAL TUBE DETAIL

22-1. Corning G41ass Company Evacuated lobe 411ector
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tign ificant'aOyantage when producing high temperature heat to the system
_ ,

'and can:be, used effectiVeIy with -solar cooling units where high tempera-

4*- tui-e fluidis needed:'

An evacuated tube collector.desi6nby the. Owens-Ilfinois Glass

. .

CoMpany is shown Figure 22-2. "There are three coffeetric glass tubes '

With the middle one coated with a black selective surface. The vacuum

is between:th outer. and middle-tubes. Fluid is transpo'rted through the

inner tube and, as it passes through the annulus in contactWith the

absorber tube, heat is transferred from the glass.to the fluid..

Twoother evacuat.0 tube collectors are being experimentally tested,

one by the General Electric Compiny for use in air-heating systems and

40 :.

, 6

anotber.As by the Philips Company in West Germany for liquid*sYstems.

Many v4iations in design .of evacuated tube collectors are possible;

and' different designs will_ gradually advance to the practical stage.

CONCENTRATING COLLECTORS /

?Concentrating collectors are used when very htgh temperature fluid

is :needed to drive heat engines or to be-used in industrial processes.

(Le concentrating collectors can be designed to,be more efficient than
74

IfIat-plate collectors, operate reliably, and with little maintenance so

that the cost-o f delivering energy is 4ow, then such collectors can have

potential uses in residential solar systems. Experience thus far has

indicated otherwise, but there is considerable research underway and

new designs for-concentrating collectors are being developed.

4,
One type oflow concentration collector is being developed by the

1
4

Northrup Company and is being tested on a number of solar systems foi-

Tergebuildfngs. A linear focusing collector with a Fresnel lens .is the

type being developed and is sbown in Figure 22-3. The collector is

1716,

it4



ABSORBER TUBE

COVER TUBE
DELIVERY TUBE

HERMETIC
SE.AL

SPRING SUPPORT

TIP-OFF

1

VACUUM: PRESSURE P< 10-4 TORR

FEEDER TUBE
FLU:0 FLOW AREA: SUPPLY
ABSORBER TUBE
FLUID FLOW AREA: RETURN
"COVER TUBE r 0.92
SELECTIVE COATING a0.86 4.0,07

Figure 22-2, Schematic_o_f_the Owens,1111no.i.racuated Tube Solar Collector
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FRESNEL
LENS

HOUSING

BRIGHT
ANOD ZED
AL UMINO
REFLECTOR

BLACKENED
COPPER
ABSORBER

TUBE

41111b.

Figure 22-3. Fres

4

INSULATION

/ -
Lens Strip Solar Collector..

mounted with the axis in the north-south direction and tilted at an angle

-with respect to the horizontal plane. The collector rotates f;-om east to

west during the day so that the direct rays froM the sun are focused into

the absorber tube. A distinct disadvantage of concentrating collectors

is that Qnly the direct rays from the sun are used, as the diffuse radia-

tion cannot be focused.

THERMAL STORAGE

Considerab)e research
40.

is being devote toward the utilization of

salt hydrates and other phase-change materials for storage of,laent

heat. The principal difficulties are packaging the storage material

, 719
,j..
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and stratification or separation Of the.material after a few hundred

Ode§ of phase changes. One advantage in the use of phase change

materials is supposedly the smaller storage volume required, as com-

pare8 to water or rocks. However, a solar heating and cooling system

requires a water volume of only two gallons of water or one-half cubic,

'foot of rocks per square foot of solar collector area arm in atypical

sytem with 500 square feet of collectors, the water volume needed is

)

about 1000 gallons or about 350 cubic feet cit,-,:rOcks. When packaged '

_phase-change materfal'is arrangedain a container with adequate surface

contact with the heat transfer fluid from the collectors, it( is diffi-

cult to achieve a significantly smaller volume of storage..
r

With proper materials there is, however, an advantage in being,

able to obtain a sustained constant temperature of the heat delivered

from storage. This propertyjri latent heat storage materials can be

used to advantage in solar cooling systems, both in the hot storage

and cold storage tanks.

Another future prospect for storage of thermal energy is in

chemical methods. Chemical Stume offers technical possibilities

that sensible and latent hea,t storage do not. These possibilities

- include; (1) long-term star4ge withaut,need for insulation and without
,.

r
therTal loss, (2) storage at high energy density, and (3) recovery of

stored thirmal energy at temperatures above or below the original
--,,!

temperature. . Although no thermo-chemical systein appears imminent,

in concept at least, this method of storage cm have important

applications in terms of supply and demand and improvirig thermal

efficiency.
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HEAT EXCHANGER

a.

The disadvantage of a heat exchanger in present ;liquid-heating solar

Systems is the temperature difference needed to transfer the heat at the

heat exchanger. A temperature difference of-10 to 2°F has a .signifi-

cant influence on the amount of useful heat delivered by the system. The

tempera'ture in storage is low and the collector efficiency is less.

A heat exchanger-storage combination unit is under investigation

where heat is transferred from liquid droplets that'transport heat from

the collector to water in the storage tank. A liquid that is immiscible

in water is pumped through the solar collector and through the storage

tank as droplets. If the density of tfle liquid is substantially different

from that of water, the liquid droplets will either rise or descend

through the water in the storage tank. A sch atiC Rf a heat exchanger-

storage unit is Shown in Figure 22-4. For the illustration shown, the

LIQUID

WATER SURFACE

HOT WATER
TO LOAD

COLD WATER
FROM LOAD

7-TOP OF LIQUID
( SURF ACE)

UMP

0 0 00 0 0
0 Y 0 °0.0 80 r° WATER HEAT

STORAGE AND
0-00 0 0 ° o LIQUID BUBBLES

0 0
°

0 00 0 0 0on 0 .0 0 0
-(; 0 00 00 0

0 0 0 ° BOTTOM
CONICAL

Y. ----WATER LIQUID
INTERFACE

LIQUID

PERFORATED
PLATE

FigDre'22-4. Direct Contaft Liquid =Liqu Heat Exchanger
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liquid is heavier than water. The Ltquid is delivered to the top of

.

the tank, s brOken up into-droplets at the per'forated plate, and collects
64

the bottom cone.. The teffiOrature difference between the droplets and

the storegelwater is only about 1°F or less, with substantial heat trans-

fer occurring across the large collective area of the droplets. There-

are several possible, liquicE that can be us0 and, although not named,'

their properties and approximate costs are listed in Table 22-2.

Table 22-2

Properties of Possible Collector Fluids

Fluid,

Freezing
Point
(°F)

Boiling
Point

(°F)

.

Specific
Gravity

Cost,
($ /gal}

1 --:31 698 1.116 2.98

2 , -36 r-734 1.208 6.9)

3 -31 .644 1.048 , 3.32
,

4 -41 .- 568 1.1V9 3.46

5 -27 415 . 1.043 10.45

6 .-13 770 1.162 . 8.63

. 7 -76 ,782 0.927 3.79

8 -67 478 0.913 9.80

-

at
SYSTEMS

At present the only commerciAlly Available cooling unit in small. ,

size that is operable with solar energy is.a lithium-bromide absorption..,

cooling unit. As mentioned'elsewhere in, this manual, there are a number

of .different experimental cooling units that are being developed, such

as the-heat engine driven refrigeration.mac ine 'and ammonia -water

continugus-cycle unit.

'7 2 4-;
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There is alio significant. effort being made in the development of

so-called total energy systems, where high temperature heat from solar

'energy is used to generate electricity and the low temperature"waste"

heat 'is'used to heat and pool a, cluster of buildings. .Such systems are

likely destined for specialized use in grouped facilities suth as

military baes'but,iwith some variation, may serve a number of hoipes or

apartment -complexes.

In the long term, development of photovoltaic systems for residen-
't.

tial buildings is a possibility. Electricity that is genehted could

operate the heating and cooling system in the house. Whether photo-
ti

voltaic systems will ever be low enough in cost to be competitive with

electricity generated from or nuclerfUels is an open- queftion,

but a considerable-amoUnt of effort is being devoted to improve efficiency

reduce the costs.

Other improvements in systems which utilize solar energy are hybrid

systems consisting of passive as well as active components. There has

not been much effort toward development of passive systems except by

architectural treatment of windows. While this effort has been signifi-

cant, more direct heating of residential space with passive systems may

minimize the size of the active components and thereby reduce overall

costs.

4,
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INTRODUCTION
,

I 0
I

In addition to understanding tbeOesign and operation of sol

heating systems,.suppliers and users should be acquainted with several

Othei. aspects Of solar heating. In order 'that intelligent selection'

of equipment can be made, knowledge'of industry standards; equipment

.

warranties, per_ formance evaluatiOn data, and related topics is necessary.

It evaluations have beem.perfod, their results need to be available

to the supplier and us

*

-:

*e.

Thy kinds of data required for such appraisal'

N
must be undqrstood.i.. idvafirtages and the disadvantages of the_main

N,$)

system types fora spetifgc.apOlication are particmaarly important.-

Knowledge of )the type of hardware available, their cost, and theincom-

.

patibility with"other components in the,system is_essential. Such items

as safe* and durability are-additional criteria for equipment evaluation

and selecOn.

Within this modul , the main points enumerated above are addressed,

and a guide to tkpir cb ion is presented. Because of (a) the

,newness of the'solar equipment industry, (b) limited experience ih.the

use of fully commereLial sys,tems in non-subsidizedinstallations, (c)
-

'jack of criteria for system evaluation Alibkertification, and (d) lack

of information on dui-ability,manketabilit;, and,qther factors,'thuch of

tr

the material here outlined'iS tentative; rapid4y-changing, and highly
.

I
variable in time and place. # The fpllowing infot-mation should therefore

be consi4eredfa guide athdrAthan'a set of specifications.

II
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OBJE6TIVE.

.

-

objective of this module is to provides the trainee with guides:
.

7

to the. purchase. Of equipment-for,solar.heating systems. The refer-eke
.,

, 0
- ,

list of manufacturers orequipment is not intended to be all inclusi've.

Guidelines for choosing sola equipment-and systems 'are provided, not

W

- only in this module, but throughout this manual.
,

°
410 AVAILAB1L I QF SYSTEMS AND COMPONENTS

COLLECTORS",
L

A directory of manufact6.ers and suppliers of solar heating (and

coOlin'0 equipment has been published by,the U.S. Energy)Resparch,and
,

Dev'elopment Administration under the title, PCatalog on Solar Heatiiig-

. and Cooling Products": -Published'in November 1975, and designated '1

ERDA-75 it has ben ,
by the Solar Energy Industries Association.

.. .

Meng scores of organizations listed as manufacturers ofsolar heating

collectors in quantities of thousands otsquare'feet with one: to Iwo- '

,.
scores

. .0
. .

egbipment, possibly a dozen firms have supplied or could furnish solar
_ * .

month lead me for delivery. A listing-of some firms is shown in Table

.
t

,-23 -1. The 'fist is not intended to be complete dorliS the inclbsion of,
. , .

a firMiintended to imply relative usefulnessl(efficiency,-durability,,

. .

cost, etc.) of the product. The list contains, however, most of the

firms having sold collectors, for space heating, td residential users

ani to the federlitgovernmeht in total quantities of thousands of square

feet. The type ofcolleCtor manufactured and miscellaneous connlents

are also pres'ented.

7 2'
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Table 23-1 .

!11''
'Selected Co-llectsr-Manufa r s t

Name of Firm i Collector'12Ype CollectorMaterials .

AMetek .

Chalerlain,

Gederal Electric

Grumman

Honeywell

'Lennox. .

,

NW-As-Illinois

PPG

Revere

'Solaron
.

Sunsouree

SUnwoks ' s

.

L:

Liqdid. . .

Liquid' ,

Liquid

Liquid e' ,

Liquid'
,

Liquid

. Liquid

Liquid

Liquid

Air , '.,.

Liquid '
. 1

Liquid 6r air

.

--"

.

COpper, glass (1) or (2)

Steel,'llass (2}

AlUniiirrum, lexan (2)`

Copper, 'glass (2)

Copper-steel, glasS (2)
,

See-Honeywell .

Glas (evacuated tube)

Copper, glass (2) ,

Copper, glass(2)or(1).

Steel, glass (2),

,

Copper, glass 0)

CONTROL ' P

A .

4t
I 1

In addition to the equipment listed above, another commercially'

available component is 'the control system. The speciai unit in most
. .

A
solar heating control systems is the differential thermostat with itS

temperature sensors for insertion in collector and storage. Also avail-
. ,

, .

able are control. Panels for-connection of the differential thermostat,

the.room thermostat, and thevartous relays and motor actuators for

blowers, pumps, and valves and daMpers.. The controllers may be of the

conventional eiectromechantcal typp with bimetallic temperature sensors

.

or thermocouples or thermistorsi, along 46 mechanical ,relays for ener-

gizing motors, Alsoavailble are-solid -state controllers With therMispr
.

-..

., ...
. and thermocouple:inputs and solid -state switches:And relays producing

4
4

' appropriate electric outputs, motors. 'Electromechanical types are more

familiar to heating' sytem in2allers and service 'personnel, whereas
,

72 9
qt` e
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solid -state Units will probably 'emerge as the More compact and:economical`

System..

f. . .
SUppl iers of control components and special control, systems for

1,,

solar heating include long-established. firms ,in. the general control -
. - :

business as well as neV, Companies and grogps, speCialifing 'in specifiC .

,

solar control equipment. A representative list of companies offering

differential temperiture controllers and complete solar control systems

is shown in Table 23-2,
,

. . -

Table 23 -2

, Selected Suppliers- of' Solar Heating Controls

HEAT STORAGE

. ,

Barber Colemai)

Deko Labs

Helfotrope General

Honeywell

Penn Controls

Rho' Si gma'

-Robeitsh_aw ,Control s. Company

&Aar Controls
(formerly ASSOciates)

r.

a

0 1,,
't

".

-1 .'q ak,
, ,

Another 'important componeet of the solar Keating .sYsteim. is the 'heat

storage unit, but there appears -to be no comnferciqf offering Of that
.

. . .

item. In the liquid system, a conventiqnal "tank of. son4 type ,is purchased.

With the air system, a bin ilusucilly.con'itrUctejoii-site by the contrac-- ,

r for and filled at a suitable time williscreeried gravel.

if

.4

730



COMPLETE SYSTEMS' ,

23 -5.

, .

Several collector mahufactilrer% also provide coMOTete solar heating

4
systems._ Their products consist of collectors, accessory hardware for

. .

,collector support and connection, pumps and/or blowers, preassembled fluid

hand/Ors comprising motors, blowers, automatic damperS, filters, water

heating coils (fox7theair:'system),.and motors, pumps, automatic valves

(for the 11,q1id system), and controls, including senors and circuitry

for actuating the variott'motors in the system. Some companies also sup-
.

....Q:ter heating accessories, including heat exchanger aod tanks, when

that ;option is involved.. The_supPliers of complete solar heating systems

4osnot ustially.fuenish ,a_twat storage unit, because its size and local-
.

it

availability usually make its local procurement more` practical. Siling,

layout, and beta-fled design are also offered by some system suppliers.
lot

nese firms provide the inforMatiOn necessary for installation of their

equipment by heating and plumbing contractors having 'little or,no

experience in solar equipment installations. Table,23-3.)ists 'few

of the..,known's4pliers of complete solar heating systems:-

Table 23-3 ,

Selected Solar Heating System Suppliers'

Name of Firm
,

,

* .

Type of System

,

Daystar .'
_

General Electric
, .

Honeywell

Riper Hydro

Reynolds .

Solaron. .

Solar Utilities Co.
.

.

t- -.

Ronfreezing.liquid collection and storage

Nonfreezing liquid'collectien and storage

,

Nonfreezing liquid collection and storage

Watercollection(nondrainingrand storage

Water collection (drainablel and storage

Air collection, pebble-bed sterage

Water collection (nondraining) and storage
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PERFORMANCq DATA
J -

, 4

Most of the suppliers of solar heating system cuiponents.provide

technical data on their performale. Most of the kollector data sheet% .

....- .. i . (

contain information on solar heat collection efftdiency at various .

1 , , .--

16mperatures and radiation levels. Some include information and
1.

sizi

instruc-
-,,

tions for sizll-g solar heating systems glt installation procedures. At
,_--

least one firm offers an extensive manual cwierinOts,,products, instruc-
e

tions on their selection and sizing, and their assemblyOnstallatioh,

and servicing.

It should be recognized that some of the manufacturers' literature

contains information which has not teen 'verified by impartial analySis,

and that th' data may be representative of performance under typical

operating conditions. The user is aaised to'prOceed with caution in'

applying manuTicturers' performance figures that have not. been indepen:

-dently

. _ .

Standardiitd procedures and,instrumentation
,

for testing solar equip-
0

4.
.1110-

ment have been developed by the National Bureau of Standards (NBS) and

are described in two reports:

j "Method of Testingfor Rating Solar Collectors Based
on Thermal Performance", NBSIR-74-,635. Hill and .

Kusuda, Center for Building, Technology, NBS, December
1924, Interim report prepared forthe National Science
Foundation.

2. f "Method of Testing for Rating Thermal Storage Devices
Based on Thermal Performance", NBSIR-74-634. Kelly.

and Hill, Center for Building Technology, NBS,
March 1975, Interim report prepared for the Energy
Research and Development,Administration.

r--1 9 I-)
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Although the testing proceduvres,described in these reports are not

mandatory for he rating of equipment, they are being accepted by

governmental,purchasers of solar equipment.

4 Numerous solar collectors of the liquid heating type have been

tested independently by the NASA-Lewis Research Center it Cleveland.

- Reports of their performance over a range of 'conditions are available

and can be used as a guide to equiponent selection. These test results

may also be compared with.the performance claimed by the 'manufacturers

in their Ata sheets. Additional testing of liquid heating collestars____.,,

is also in progress in several,independent laboratories. _

There have beery no independeht.evaluatioft and tests of solar air

heate's, but facilities are being established at the National Bureau

of Standards and at 6e'NASA-Marhall Test,Center4in Huntsville, Alabama.

Facilities for testing and evaluation of complete solar heating

systems are extremely . Colorado State University has three

identical residential-type buildings in which various systems are being

developed and evaluated.. This program is producing information which .-

can guide the choice of general system type, and will also yield detailed

operating dat n specific systems.

'SELECTION-OF COMPONENTS AND SYSTEMS

0.

Choice of equipment for solar heating involveS a knowledge of the.
-

characteristics that are signiftbant (and_critical)' and the advantages

\..
and disadvantages of each system type. Besides- the information contained

in this manual, reference may be made toa helpful government publication,

"Buying Solar", published by the Federal Er rgy. Administration, june1976

7 33-r,
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Among the factors most *portant in equipment choice are the

quality of matacials and workman the collector, controls, and

fluid-handling equipment, the suitability of'the materials and equipment

=td the application (involving such factors as durability, dependability,
l-

and safety), heat recovery efficiency over the range of operating con-

ditions encountered, equipment cost, and intfallation cost.

SELECTION 0 'HMS

The -syst= i types requiring cOpice.are primarily the flat:plate

liquid-heating ollector and associated equipment, and the flat-plate

air- heating collector with.its'pebble-bed storage, and air handling

facilftr--AkOther posible-choice is a sistem'incorporating an*

evacuated glass, tubular collector in either an air heating or water

heating system. So-Called passive systems - involving collection and

storage of heat by materials on or in roofs and walls of buildings, +

rarely are candidates for selection because (a) their praCticality"has

not been 'proven., (b) there is no manufacturer of such equipment, and

(c) if used, these systems are essentially part of the building rather

than a heating system. Finally, a-system based'on use of a focusi g'
4 .

collector, although one is commerciallIayailable, would seldom be a

candidate for residential use because'of high cost, tracking require-
.

meats, and maintenance demands. pen for commercial buildings, thes

high cost is a deterrent to general use.

QUAtITY OF MATERIALS AND WORKMANSHIP

Ourable'materials and- high-quality workmanship are necessary for

effICient, ,trouble -free operation of solar-heating systems. Visual

inspection will often separate.thegood and poor equipMent. Other criteria
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are records of sOisfactory use in previous.instalrations, compliance

with minimuouroperty standards, and recommendations frbm impartial .

specialists. With liquid systems, the collector, storage unit, heat ex-
,

changers, if used, and pumps and piping should be made of materials which

are completely compatible with the liquids being used in order that

corrosion will not prematurely damage or destroy the sys tem or its compo-
.

.hents. The collector and other parts of the system must also be able to

Withstand the maximum and minimum temperatures to :wh they are exposed.

The absorber' plate in an efficient collector of the flat-plate type can

reach- 'temperatures above 350°F when fluid circulation is inter upted

accidentally or purposely, and there should be no material in the ollec-

tornot capable of withstanding no-flow temperatures for prolonged peri

Wood or other materials which can outgas at these temperatures should

never be used in a solar collector.. If inspection shows the presence of

such materials, the collector is clearly unsuited td normal space heating

applications.

b

O

SELECTION OF COLLECTOR

The efficiency of the collector in recovering solar energy,in a

heated fluid is the primary determinant of the size of collector required

for supply of a'particular fraction of the total heat requirements of a

building. And,although this is an important criterion for collection

-selectfgn: installed cost per unit area is equally significant. Assuming

411C

two stiles of collectors have equal durability, the one having the greater

r-- heat'delivery per dollar of first cost is the superior choice, regardless

of the efficiency and the cost themselves. In other words,-an increase

of a iew percentage points in efficiency which might be achieved by
,

doubling the cost per square foot is not advantageous. The purchaser

735
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should,therefore,base t e ch ice among various collectors of the general

type selected on relic le'effi iencY measurements,'de Jiverediirtce of

the collectors, and the cost of installation. determined by the installer's

bid or the cost of installing similar systems in other buildings.

, Unless the solar collectiOn.efficiency claimed, Pthe manufacturer has

been independently verified or reliably confirmed by theoretical '

analysis, it shouldnot be accepted without 'question.

As noted in Module 4,inhe sizing' ofa solar collector and associated
o

equipment for carrying a certain fraction of the total heating load

cannot be based on some collector efficiency measurement at "ideal"

conditions characterized by a full sun nearly pe
A
rpendicular to the

,

collector and at small, to moderate temperature difference between I

.

. collector fluid and the surrounding atmosphere. Seldom is the collector

operating at such favorable,cdnditions in normal use, so average

efficienCies are far below such a'levef. In the selection of solar.

equipment, 'however, performance of collectors among a single general

type can be compared at the tdeal_conditions. If collector efficiency

is reported over a'range of solar intensities and temperature conditions,

comparison can be *ode at poor operating conditions as well BS the Letter

atones. r

The two items probably most commonly overlooked in the selection
. _

solar collectors,and other tystem components are the durability, or

apparent Useful life, of the equipment and the cost of its installation

so,in the building. The annual cost of ownership of the equipiment is

app-roximately inversely proportional to the useful life:4/n other

words, if a solar-collector must he replaced in 15 years,othere is no

advantage in its purchase at half the price of another collector-having

a 30-year life: NumeroUs collectors are on themrset today which

736 , -
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,,

cannot be expected.to,operate.satisfactorily even for 10 years, so

ir their purchase at prices as low as $5 per square foot' appears unwise.
,

A collector which costs $12 to $15 per square foot that can,be expected

to,functian satisfactorily over the entire life of,ihe building is a

far- better investment. 'AL

COMP'ARI SON OF SYSTEM TYPES

The two Major types of systems now available commercially are those

',which.emploY a liquid for transfer of heat from collector to storage

and thoe which utilize air for the same purpose. The so-called passive

types,,in which collection and storage are combined, are not commercially

"-

manufactured because they are so closely- associated with the design and

construction of the building that they are priMarily architectural

considerations. E7P

Nearly aill'of..the air and water system types involve collectors---

employing flat-metal absorber plates overlaid with flat-glass sheets.

A modifiCation of.this design is applied in the several variations of

the evacuated tubulaPtollector for air or water heating. A fobusing

-type of collector employing a transparent plastic Fresnel lens is also

receiving specialized experimental use.

,
ADVANTAQ0S OF LIQUID SYSTEMS

'In.comparing 'air and liquid handling in systems, each has advantages

and disadvantages. The primary advantages of the liquid system are due

.40r.

to use of a low-costfluid with.h'igh .heat capacity. Relatively small

piping for transferring heat frm collector to storage .and from 'storage

to-the heatdd space in hydronic'distribution systems is an economic
-
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advantage, particularly in large buildings. The volume of water in

which a given quantity of, heat can be stored is much less than required

of any_other material not undergoing a phase change Of some type.' Heat

storage in materials undergoing phase changes is not commercially practt-

:cal, so water is the most compact heat storage material now available.

Another advantage of the liquid system is its capability for solar

air conditioning: lAahoughiSuch systems are not_fkilly dig eloped, they

do have practical possibilities, particularly,in larger industrial and

%.
commercial buildings. An additional advantage in `the liquidosysteM is

the number' cif commercial manufacturers of liquid heating'' 44ix collectors.

Various styles, materials (aluminum,_ copper, and steel), transparent
A.

coverings (glass, plastic films, and heavy plastics), apd sizes are

available. Finally, a large amount 'of experience is available with

4
liquid collectors (originally used for hot-water supply), includin6

theory as well ass

-DISADVANTAGESOF-11-QUID SYSTEMS

The disadvantages of liquid-systems result primaAly"from the,*

chemical and physitai properties of water. Its freezing point, boiling'

point,, and chemical -reactivity with metals require designs and ipterials

which can-'add substantial cos,t,to a solar heating system. In nearly all
A

parts of the United "States, water would,oceqsionally freeze in a solar

collector and cause extensive damage. A: rail-safe drainage system must,

therefore,be-provided if water iS'used. in the collector, or a non-,'
i

freezing liquid must be used, with,heat exchange to water storage in' a,

part of thg building where freezing cannot occu. A-selfldraining

collector imposes some desimrestrictions, and the periodic filling of

the collector tubes with air imposes limitations on the types of metal

7 3
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, . .
whiWcaVe used. NonaqueOus teat transfer liqUids may be Useel'ine

.
44A . :10' .

1. collector' loop," but
'
their Actbical uti 1 ity4 yet .to be adequately '': . ,-,

demonstrated. : . , . .
40e...

N. '2.1 ° ' c.lt *The ct rrOsivepess-of water in contact with,.kuminum or steel ,.in ,

the preSence of air, is a factor which must be-considered in design
4 ., an'd use of water = beating soly collectors. Galyanic 'corr

,..
1n .the
.

,..

, presence of b her metals_) of aluminum in water must. be a 'by

:Suitaiiiknon-tonducting connections in tksysIem. ,,Pitttng corrosion ' .
--Ai.. 2

,
of aluminum- in-the ,presence of slight metallte impuritjes as well as

dissolved oxygen and_ impuritie (in *the 'water cfay result in early fai 1 A
. .

of theplUminumtubes, pari

freeze solutionS -(ethylene
`

-acoelerate corrosive attack

-, maintenance,'
- .

steel

nevertheles

- than that of

larly ii thin- walled. 'breakdown of Anti-

glycol, tor example) to acidic compounds cane

and must be%avoided by suitable preventive'

. _, . .

s less -sciNect to attack t1;an aluminum, but precattions, must 4 ! .

taken. The probable, life of a Sti collector is gre
I ,I

.

tilumin.um collectpr having the. same(tu e-ticknes.s.
. ... ...>

. - . t s4

't
.

. Peiloac draining and 'fi'lling.with air mustxhowever, be avoided..
. , ..4

42
. 0 ,

. Copper, at least for 4.,bes; appea,i-%to Se the most durable anddepen4-

able mat&ial . The only dis'advbptageiy-irts substantially 'higher cost.

a

A plate-typeif oppeitopectipr_ requires an, outlay roughil,three clollars

per square foot in excess of tha.t for aluminum. -At the retails le*.fel, , '
-

A " .
this ,dilference could be as muclas fivo to six dollars in selling price.

,,. ..
;t4ttficar:ty oif the metals used for water heating collectors, corrosion

inhibitors 'can: be added to the s'olutioh.(Whether freeze -protected or not) itI

,, ,

thereby substantially

itself, however, must

periodically checking

extending life of the equipment. 'The inhibitor

be maintained at suitable concentration'hy

and adding when necessary.

739
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o re sadvantage ,of the water syqemilts the boiling whj h 'OcCurst.
I

be designe

with appropriate vents ,or relief valvd'§ to permit discharge 6 steam-when

these400Ihres occur.. If the condition persists for several 'hours, there

if cir tion is lost during sunny meather, The system m

can be so much loss of fluid that re
.,,, ..
,

residential and oommercial installation , a vointenance, man would haye to
. . 4 .

benalled, and. additional antifreeze agent (if used); corros'ion inhibitor,

s then necessary. Fo typical

and-water would have to be added. These requir ements impate costs whic h

must be considered" n any comparison of systems..

_ .

In. a well-designed and maintained liquid system, damage to'"the
- -4

*4
t

!,4

building' and .its contents from liquid leakage should'no.t occur.
/ °

ever,

p9or maintenance or Careless o aeration can 'contribute to leakage of the
..-

.

4 d collector fluid or of water fr m the storage system through one of many

joints and connections, or through corrosion sites, and can result in' exoen-

sive damage. Good preventive maintenancb*is therefore a. pr;imary require-

ment of satisfadtory operation !of a liquid system.
t , -; . .

,

.. .

ADVANTAGES OF AIR SYSTEMS.

'
4

.

i,
- - .

The advantages and, disadvantaJges of an air system are essentially -

. .

the reverse- of those associated witka Liqu

.

ilitystem,' Allkages are
.

_ .
. .

. ,,. .

.

the absence itof problemvastociated with c on,o on, freezTng, boiling,
- . .

,

. i.
.

- fluid replacement, monitoring of fluid compo tion, and-potential' damage
,

, . .
,

by system leakage. , . .'
.

4 .4 * : 4 '

...,

,

DISADVANTAGES OF AIR SYSTEMS .

p
,

A di-siedvantage of the a$t* system is the larger' vocl.ume required for
.

heat
(

storage appr boximatelythree times,that for the equivalent heat

storag e capacit.rin water. This requirement imposes a needefor floor

r. 740
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spice her:ing alinear dimension approximately 60 percent greater than,:

for a cylindrical storage tank. Equal heat storage can be provided, for

example, in an eight -foot cube of pebbles and in a tank of water fiiie

feei in diimeter and eight feet higrAnother air system disadvantage

is the size of ductOork between collector and_storage. -AbDut.fbur

'square feet needs to be available for two ducts betty en collector and .

,storage in a typical. residential installation. 'A tiiirddisadvantage,

is the current lack of air conditioning equipment operable tatith a

solar-heated air supply. This situation is not yet a,deterrent to ail%

system use, however,- because no solar air conditioning system is Yet:
e -

commercial.
.

Comparison of the advantages and disadvantages of s4jar.heat),n

system typenutlined above Jeads to.the conclusion' that the-air:system

is'superior.insofar as durability and freedom from maintenance are

'concerned. Expeience with a limitelfnumber of systems beaks out:this

generdization As to compactness and wide availability of hardware,

the liquid system appears to be the better. choice. These relative,

advantages Suggest.that air4sy;'tems may predominate in residential

. -

installationk where maintenwe.is compact-neglected,'where

. 4

ness is often not considered gssential, and where durability is important.

.
- ii

,

. it liqu'i'd Ispems, on the otheratiand, may predominate.in commercial and _

. ,i. , .

-,-
c

.
industrial-installations where.maintedance is routinely practiced, where.

I

.

e .

"(' A space is frequent1,04k a premium, and where.occasional equipment. replace-
_

.. e .

.. .
.

ment is acceptable if econbmically'desirable.,

0.
% 0

5'

,.SYSTEM PERFORMANCE- : 4

4 In- terms of'Ystem-efficiency, or annual heat delivered per unit

collector area, the two systems 'h comparable performadce. Several studies

.

741.
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have shine that the difference in heat output is small, and thl one

--, Sysibm may be stoiightly better. under some conditions and the other

,sui0jor in other' situations. The most recent information on two'

.'

,identical adjacent houses shows nearly one:third more heat was supplied

..:4 .

.

.b0he 'air system from equal collector areas. But a cons tive
.. .

6.,v.., . . %

pis
'4- v %

appra4 sal, hat the two. systems haNe approximately dqual heat-delivery
, ..

.

cap
Ail

ily, per square.fobt'.of collector Area.. More data are needed.
. % . ,

. if e

before more definitive statemelitscan be made.
.

COST OF HEAT DELIVERED,

'

4

.

i

'The final and conclusive basis for comp*ison is cost per unit heat

,-

% I )
, del yered If efficiency, useful life? and maintenance, costs'are equal,

,

6.
tble.systemsrequiriog the least maintoancq per.square foot 'of,col lector

. .
, 4

.

S',tliteSt choice.. SySfem costs are-notye,t sufficiently 'establighed .

1
.'for

,,, 44 .
. 16

positive selection onthis bas'is: However; e onxdningeiof publisKed,

:',pries of solar cpllectors and consideration`of the costs of other
°.

. a %

components in the system suggest that the total' installed costa of the
.\

.air sys.tem is lower than that' of the liquid system, fewequal heat. .

output', Ervidence,.in support of this indication, is not Conclusive,
.

however, so unless actual quotations'can be compared, it should be

assumed. that the cost-di ffeence is not large, possibly not over 1,0 .

per,cent of the total investmeq; and thatany difference, is probably

in favor of the air system. ;

Another important factor bearing on solar heat cost is the useTu
. .

, . ,
.,

1 of the system and the' costs ot ma and repairs, On these
'4( IF

.
-

points there is 1 i 6tle doubt that the ,a i r system involves lower annual
.?

44

. e
, .

,..;.....)

xpense.. The absencd of corrosion the Use. ofrmoderte-priced metal ,
.

.. - ., .-

',.

(min steel ), Ad" the abstice of serii El n1 requirements
%
indicate that

6
I ,.*

6

f
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the air system have a longer lift and to mai Flake cost then

the lyquid system.
:

. .. _.

.
With respett to evacuated tubular collectors, their high effi: '

ciency a great advantage. Ihese'units are, not'yetlsing made 'for

general sale, so it'is-diffrcult
,

to make comparisont with fijl at-plate

systems. Manufacturing costs are much higher, and:cur rent'prites may

not reflect true costs. But if these units can be produdtd in large

. volume (e.g., 'a thousa4tons of glass per Month), costs might-reach
.

a competitive level. Selection pf evacuated.tubutar systems' today
7.

...

would have to be. baed on criterie other than cot.,:such as high ',
. .

. I. ,., _

temperature delivelipof collector fluid at -reatonable efficiencies.
, . ..,,-

But whea demand reaches the level justifying automated tubular dollector. ,
A. V

V
.

produftion -with a furnace Used exclusively for this product, cost-s..may
..\ .

-,

become veryattrac.tivex % .-

4 , , 0

rni..... N There iS.also a
/
focusing, collectdr :(rresnel lens) which has

- .... . _

,received.some.expehMental use., It requires a tr=acking.mechanism
.

......

, ,
--the...GoSt...isutis tiaily higher than the other systeMs. Unless

; .

..
f

.

.-.' t.
% . '4

v. high temperatures, well above 2 O'r, were a spee4fid requiremenS:as .

for exampte;.for,abscirKion'aiT conditioning, there, appears to:befilo
..

.
, advakage in the use pf,.thi low-Concentration focusing sys/Tm. 'The ir

.

f
'
considerably higher colt,' inability, to focus dif*Se radiation, and

. . A.
.

the need for:moying hafdware; , plus 'lliain,tenace, aprlear to preclude its
.

.

practical use for space heaelirlq..' " -

.., i
. .,,

heating`system, considertion must .In. the fjaa..1 choice of.a s

be given' to the type-of use which t emLAs to meet.' AS previously-1.

indicated, liquid systems appear to have some advantages over air
1

systems, in large",installiatioeis where maintenance iS.c.usiomary and wherep..

cooji,hg may noW or later be provided-by solar energy. Other circumstances

.

7 4.'3
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iw
,r-

might also kovideincentiyes for liquid system use. It is evident that.
0

-t-both systems have potential for widespread appliCation.

- - k
0 CN

CRITERIA AND STANDARDS

0,

lAlthough_no perfOi-mance criteria or standards `for solar heating

.equipment have been established, several such efforts are being made.

.

Among the actiyillipr-ganizatians are the American Society for Testing and

A
-Mate,414ps-(ASTM), the tmerican National Standards Institute ,(ANSI):the

American SociqY of Heating, Refrigeratihg end:Air-Conditioning r

. ,
.

7-1,,,,

t3

% EnOleers,,Inc; (ASHRAE),.the Sheet Metal and'Air-tonditionin*Centraters'
.!! - .

...Ikst

National #Ssocia4ion (SMACNA), aldvar.idus governmetit bureaus, indluding

.

. ,. .

the National Bureau of Standards-(NBS)% the Department of Housing-and

, : . . .- . .

Urban Development (HUD), 'an#the Energy Rgearch and Development 0, 1 .

....------

L.. Aftinistration ('RDA): .,,,' .
-

Ot
.J

A cohmittee of the ASTM and ANSI organizations is actively engaged
.

,_ . . , 4

,,,,.

in iOrmulating standards for "Solar,heatihg equipment.,'No,,rults have
k

'

been publicly released, but criteria or pideli.nes'may be expected..

,,

ASHRAE, through-its series of manuals on'heating'and aircondition-
-.

.

ing, continues to expand its section on solar heating and cooling. The

1974 edition of "Application's" contains solar.heati ng information and-.

..

gUideTines in Chapter 59. This material is in the_form of.a referdftce
, _ ,.....

.
i

handbook for desighers and installers of solar heat:ing,e4uipment', but' it

is comparatively prier-al in its ceiltent.
-A- s

z

o :
)

L -

'74.4
,

: -
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, An, important bro444ject of the National Bureau of Standards is the

formulation of performance criteria ,which solar hea4ng and cooling

equipmeat should be expected to meet. Two of the results of this project

arethe'reports, "Interim Performance Criteria of Commercial and Solar

Heating and Combined Heatinq/Cooling Systems and Facilities", NASA

98M-10001, 2$ February 1975 (prepared by NBS) and:Interim Performance

Criteria Mr Solar Hgating'and Combined ating/Cooling Systems and

Dwellings".; H0,1 Jtnuary 1975 (ptrepared by NBS for HUD). 'These

.,, --NL
publications contain inTormati:--on on the characteristics of'solar systems

. .

. ; ,

and components which, are important in the selection of equipment. No
(,

0%,.. k , requirements-are outlined, in terms of quantitative performgnce, but
__,

tht equipment is expected to perform at the level IlAWch the manufacturer

or supplier specifies. In addition to the criteria themselves', the

reports describe methods for measuring the performance of collect6i-s
ar

Wand heat storage

The next,govermment effort along these lines has resulted in the

It

, .
,, ..

- release'of "Intermediate Minimum Property Standards Sdipplement for

t Solar Heating and DoMesticHot Water Systems," prepared by the National #

I'

Bureau Standardstfor-the Department of Housing and Urban,Development (HUD),
4

, ' In conformance with other HUD docujnents orthi*type, the ssecification
v

'..

f- I
1

ou\lined'are'those which solar heating equipment will havet6 meet if

0

, - #

federal Tunds,-uch-as FHA41ome loans, are used in. financing the structure

or its compAnts, As, with the "'Interim performance standards" developed

by.Nas, the s:bia-r heating and cociiing ktaridards in the HUD documeni are
, .

directed maintytp safety, durability,'reliability, and such factors rather
. -

.4. , . ... .i.g.

/

k
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than to Oe specific efficiency of heat sugOly'or other quantitative

criteria. The equipmett is required to perform according to the
.0

manufacturer's claims.

The work being undertaken by SMACNA is directed toward standards

for installation workmanship in solar heating systems. Such factors as_

' the quality of the plumbing, sheetmetal work, and electrical work will '

be considered.

. Standards for testing solar equipment h.ive been the subject of work

at the National Bureau of Standards for over-:two years. A useful report

of part of this investigation is "Development of Proposed Standards for

Testing Solar Collectors and Thermal Storage Devices", NBS Technical

Note 899, issued February 1976.

Another do'cumeni related to standards and criteria, prepared atthe.

Center for Building Technology of the National.Bureab-of Standards for

the Energy Research and Development Administration, Divisionof-Solar

Energy, is "'hemp.) Data'Requirements and Performance Evaluation
1 5

1%.ocedures tor the National Sofar Heating and Cooling Demonstration-PrOgram."

- This manual provides detailed. information, and directions for measuring and

evaluating the performarici of solar heating and cooling systems.

S

I

WFUINTIES
..

. The types of Warranties offe d by manufacturers of solar heitingI
tequipment vary'considerably. At e presenttimee if a supplier provides

any warranty, it is of the "limited" type.. Under its terms, the equipmgrit

i . ;

es'

a
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is warranted to be free of defects in materials and -Workman*Ship..i and

that if such defects are found.wi6iin a certain period. of time after

initial use, correction or replacement will be. made without cost to

the user. Most of the suppliers of solar -equipment do not currently-

offeroffer any type of warranty. A few, larger companies involved in solar ,

P

equipment manufacture are offering one -year limited warranties. One
. . . ..J .

company marketing 'an. air system offers a 10.-year limite'd warranty.

There appear .to be no manufacturer's guarantees as to thermal.

efficiency or heat delivery capability of solar equipment. Although

.manufacturers are providing that type_of information in, their sales

literature,-they are not guaranteeing the performance in the field.

To a certain degree, this omission is due to the inability of the manu-

facturer to control the quality of t4 installation. In additid4,

manufacturers ,suiplying only certain components of a system, such as

the collector, cannot be assured that the other components in the system

are correctly selected or integrated with their own product. Thus,

inferior performance might well be due to"factors other than those

,controlled 'by the collector manufacturer. A performance warranty would

thus be. difficult to establish and maintain.

Still another problem in providing a meaningful performance

,Warranfy.is 'the great variation in climate encountered and-the practical

difficulty' in accurately measuring the output of the installed equipment.

Ins.trumentation is usually not provided, so measurement _of performance

is likely to be an expensive investigation. by an experienced engineer.

Disputes, litigation, and other problems imuld be inevitable.

l'recctical, performance warranties should become available for com-

plete solar heating systems provided by a single manufacturer, assembled

74:r
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and installed by a single responsible individual or firm. The manu-
,

f actUrer could then guarantee the system to'the installing firm which,,

in turn, would guarantee it to the purchaser. In case of dispute, the

installer could measure system performance in the presence of the owner

and la third party, if demande d, for.determination of conformance. pr

, Anadequate, 'corrections would be Made in compliance with 'theLwarranty,
. Ae. 0

and the installer and manufacturer would establish responsibil for

c * . .. ' .

the departure frAp specifications.

Such developments as the Home Owners Warranty (HOW) program,

,sponsored by,the Natlonal Association of Home Builders, can be expecled
4'

, to-hat%e an influence orisolar heating equipment guarantees, Under the .

, HOW program, all defects in a residential structure will be.corrected

at no cos't to the owner'during the first three years- of use. It may be

, ,

exgected that solar heating equipment will have warranties conforming

with such a prOgram. Manufacturers will then be required to guaxantee

to the dealer and installer the necessary support for compliance with

this program.

The solar equipment manufacturing industry unfortunately includes,

several small suppliers having practically .no experience with solar

equipment and offering no warranties of any kind. Purchaseis of such

- equipment have very little chance of reimbursement for costly failures.

Even if a small, marginal manufacturer offers vine sort of warranty, a

. p urchaser does not have much assurance that the manufacturer will remain

_ .

in business long eno4to make good on its guarantee. In,the event of

'equipment defect or failure, the owner (or installerilf guaranteed by

him0 would'suffer the loss. Ihese and other topics are d scussed in

th.e Lareviously mentio ned government report, "Buying Scr 1,published

, .

in' June 1976 by the Tederal Energy Administration and UD.

74S

* U.S. HEM* PRINTING CfnCE : 977 0-247-463


